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Chapter 1
Introduction and Motivation
The worldwide increasing demands of clean and efficient technologies as well as
the long-term increasing costs of primary energy make it indispensable to invest
in more efficient utilization of energy. In order to decrease fuel costs and CO2-
emission, an opportunity to reach these ambitious objectives is the incineration of
Municipal Solid Waste (MSW) and biomass since both constitute a never ending
high potential recyclable, which is essential to use. The BMU1 [1] reports that in
recent decades, the waste management sector has become an extensive and powerful
economic sector. An economical and responsible resource management is achieved
through high rates of materials recovery and the consequent recovery of energy and
secondary raw materials (March 2010) [1]. However, the current incineration of
waste or biomass for power production has a marginal share in the total power
generation in Germany (Fig. 1.1).
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Figure 1.1: Development of renewable energy sources in Germany in 2008 [1].
The European Environment Agency [2] reported that the German strategy on waste
has focused on separate collection and recycling of secondary raw materials such as
1
Federal Ministry for the Environment, Nature Conservation and Nuclear Safety, Germany
1
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paper and biowaste, mechanical-biological treatment, dedicated incineration with
energy recovery of mixed household waste and banning the landfill of waste with
organic/biodegradable content of more than 3 %2. Since the Waste Landfilling
Ordinance3 (2001), which confirmed the deadline of 1. June 2005 for implementing
the landfill ban and included special provisions for landfilling residues from
mechanical-biological treatment, the amount of municipal landfilled waste has fallen
to 1 %. Regarding the development of municipal waste generation, the European
citizen generated 10 % more waste in 2007 than in 19954 [2].
However, there are considerable differences between the member states (EU-
27). Since the year 2000, there is a decrease in Municipal Solid Waste, which
has been delivered to German waste management plants such as landfill sites or
waste incineration plants. Furthermore, the econometric analysis of the EU-25 states
revealed some decoupling of waste generation from income. With economic growth
at 15 % (1992-2001) in Germany, there is a severing of the link between waste
quantity and economic growth [3].
Nowadays, the incineration capacity in Germany accounts for around 35 %
of municipal waste generated [2]. Currently, 72 MSW incineration plants with
a capacity of approx. 18 Mio. t/yr (July 2005) [1] and 44 mechanical-biological
treatment plants with a capacity of 4.5-5 Mio. t/yr are available (April 2009) [1].
In 2005, the total amount of waste was 332 Mio. tons, where 14 % were Household
Waste (47 Mio. t, October 2007) [1] and in 2006, each German citizen generated
574.9 kg/cap·yr [4].
Other aspects are that the emissions of climate relevant gases were considerably
reduced. Regarding the Kyoto-Protocol5, waste and biomass incineration
significantly contribute to the CO2-reduction, whereby the waste management of
the EU-15 will save 11 % of CO2 equivalent until the year 2020 [1]. Since June 2005,
German waste from households alone will produce a saving of 30 million tons of CO2
equivalent from waste impacts compared with 1990 levels. Thanks to the stringent
limits imposed by the 17th Federal Immission Control Ordinance6, emissions such
as carcinogenic substances from waste incineration plants have been reduced to less
than one thousandth of 1990 levels [3]. In particular, levels of dioxins and furans in
flue gases of incinerators were reduced due to the standard referred to as 3-T-rule:
(i) Temperature above 850 °C,
(ii) Time (residence) typically 2 seconds,
(iii) Turbulence optimised by furnace geometry and secondary air.
Other resource savings such as fossil fuels, iron ore, and phosphate are also
considerable.
2
EU-Directive 1999/31/EC
3
TASi: Technische Anleitung zur Verwertung, Behandlung und sonstigen Entsorgung von
Siedlungsabfällen
4
Eurostat: Statistical Office of the European Communities.
5
Kyoto-Protocol and the EU burden sharing decision govern the greenhouse gas emission
targets of the EU member states (Germany: -21 % CO2) [1]
6
17. BImSchV: Verordnung zur Durchführung des Bundes-Immissionsschutzgesetzes
3In order to fulfill these socio-economic, environmental, and political challenges, great
technological efforts have been undertaken concerning Waste-to-Energy (WtE) or
Biomass-to-Energy (BtE) incineration plants. The conventional way is to burn
waste or biomass, and the thermal energy is utilised by heating water or steam to
produce electrical power or heat or both (CHP). At this, boiler- or superheater-tubes
suffer from high-temperature corrosion due to complex environments such as mixed
gases with significant sulfur or chlorine activities, or environments, in which molten
salts may be deposited on the alloy surface. Corrosion either limits their use or
reduces their lifetime, and considerably affects their efficiency. In order to increase
the lifetime and efficiency of the incineration plants, it is unavoidable to achieve an
understanding of the corrosion to reduce the degradation and increase the steam
parameters of 4 MPa and 400 °C in WtE plants [5].
First criterion for material selection at high temperatures is to meet the
requirements of the mechanical properties of the material. These include materials
with high melting point, good creep resistance and high temperature strength, and
microstructure stability at high temperatures. Once these requirements are fulfilled,
additional studies concerning high-temperature corrosion resistance are conducted.
Municipal Solid Waste is an inhomogeneous fuel with temporal and local variations.
Its flue gas has a complex and various composition comprising N2, CO, CO2,
O2, H2O, HCl, and SO2. Sulfur dioxide mainly occurs due to the incineration
of vulcanised rubber, the chloride is contributed by numerous organic (PVC) and
inorganic compounds (salt). Their fraction in the flue gas differs a lot, whereby the
HCl-content is between 500 vppm and 2,200 vppm and the SO2-concentration is
between 35-700 vppm [6]. Although the development of recovery rates of packaging
waste increases, HCl formation could not be avoided. In biomass-fired boilers, the
high potassium content in the feedstock, in particular straw and forest residues,
is a harmful element in conjunction with chlorine to cause a severe corrosion of
heat-transfer surfaces.
Additionally, a major problem is fouling on boiler- or superheater-tubes
consisting of solid and/or molten salt mixtures of chlorides and sulfates formed
in the fly ash (Tab. 1.1).
Table 1.1: Chemical composition of the deposit on a superheater-tube in a Waste-
to-Energy plant7.
Element Na K Ca Pb Zn Cl S
Quantity [wt.-%] 7.7 8.6 5.6 4.7 4.8 < 1 15.3
These conditions cause complex corrosion processes, which are enhanced and more
severe at higher temperatures. In particular the input of heavy metal elements leads
to the formation of low melting eutectic salt mixtures. Even at boiler surfaces with
a low temperature range between 250 °C and 300 °C, mainly molten chlorides cause
an enhanced corrosion. In biomass plants, the presence of KCl in the deposit can
cause selective chlorine corrosion of chromium and iron.
7
Source: Müllverwertung Borsigstraße GmbH (MVB) 16
th
May 2008.
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Therefore, the NextGenBioWaste8 project was brought into being co-funded by the
European Commission under the Sixth Framework Program9. This project deals
with the main objectives concerning the development of innovative technologies
with the result of improved energy recovery, reliability and performance of MSW
and biomass combustion plants. One main target is to double the lifetime of
heat exchange components at existing or enhanced steam temperatures. There is
a need of enhanced process conditions in order to achieve a higher efficiency of
these plants by the reduction of corrosion and fouling problems and to reduce the
maintenance costs by the use of more corrosion resistant, but cost-effective materials
and coatings. Hence, research activities are going in the direction of improved
boiler materials in order to withstand high-temperature corrosion and achieve higher
electrical efficiency as well as to develop new protecting coatings. Therefore, boiler
and superheater parameters, i.e. steam temperature and pressure, are desired to
raise in order to enhance the electrical efficiency of thermal plants.
In this study, the overall objective was to find cost-effective materials that also show
a superior corrosion resistance when exposed to particular test conditions. Thus, the
main focus was on the degradation of commercial Fe- and Ni-based materials as well
as newly developed laboratory alloys. The commercial materials were low Cr-steels,
i.e. ferritic and ferritic-bainitic 2.25%Cr alloys, high chromium ferritic-martensitic
9-12%Cr-steels, and high Cr-/Ni-containing steels as well as a Ni-base alloy. The new
materials were 9%Cr-steels modified with Ni, Al, and Si, and binary iron aluminides
with an aluminium content between 15-40 at.-% Al. Lab-scale high-temperature
corrosion tests were carried out, where the materials were covered with synthetic
salt deposits and exposed to simulated waste and biomass incineration conditions in
a temperature range of 320 °C to 600 °C. The influence of temperature, gas phase
composition, solid/molten salt deposit, and alloying elements on the degradation
of these materials were analysed. Both the modified 9%Cr-steels and the binary
iron aluminides were compared to commercial materials concerning their metal loss,
kinetics, and alloying composition.
8
"Innovative demonstrations for the next generation of biomass and waste combustion plants
for energy recovery and renewable electricity production."
9
Contract No: TREN/05/FP6EN/S07. 56773/019809.
Chapter 2
Basic Principles
The following chapter will summarise what is known in literature about the basic
processes and fundamental factors with respect to the high-temperature corrosion
behaviour of alloys that underlie various conditions. Fundamental principles will be
introduced to show the complexity of high-temperature corrosion phenomena that
govern the interaction of reactive gaseous environments, solid or molten salt deposits
and various alloyed species in metals.
The subject of high-temperature corrosion on boiler and superheater components
is based on:
1. The equilibrium thermodynamics, which provides e.g. possible reaction
products and significant evaporation or condensation of given species [7].
2. The kinetics of degradation, which allows to state the rate-determining steps
[7].
Unless abbreviations were not mentioned in the text, see ’List of Abbreviations’
(p. 129).
2.1 Thermodynamic fundamentals
The Gibbs free energy G represents the maximum amount of work available in a
system under conditions of constant temperature (T) and pressure (p). ∆G can
be derived from the basic concepts of thermodynamics such as system, state, state
postulate, equilibrium, process, and cycle. The physically interesting quantity is the
change of ∆G, i.e. ∆G rather than absolute values. The changes in the Gibbs free
energy ∆G is defined by the change in enthalpy ∆H and the negative term of the
absolute temperature and change in entropy -T·∆S of a system [8]:
∆G=∆H−T∆S. (2.1)
The magnitude of the Gibbs free energy of reaction ∆RG measures how near or far
5
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a reaction is from equilibrium. If ∆RG is negative, the process releases energy and
will occur spontaneously. The larger the value of ∆RG, the further the reaction
is from equilibrium. If ∆RG increases and becomes greater than zero (∆RG > 0),
then the reaction becomes less spontaneous [8]. The following equations relate the
general reactions of the metal/gas equilibria used in this work [7]:
xMe+
y
2
O2 
 MexOy (2.2)
xMe+
y
2
Cl2 
 MexCly (2.3)
xMe+
y
2
S2 
 MexSy. (2.4)
Equation (2.5) relates the Gibbs free energy of reaction ∆RG with the standard-state
Gibbs free energy of reaction ∆RG
0 at any moment in time [8]:
∆RG=∆RG
0+RT · lnK. (2.5)
As the magnitude of ∆RG changes, so does the equilibrium constant K. Based on
the law of mass action, the equilibrium constant K is the mathematical product of
the concentrations (or partial pressures) of the products of a reaction divided by
the mathematical product of the concentrations (or partial pressures) reactants of
a reaction at any moment in time. The law of mass action related to Eq. (2.3) can
be expressed as [8]:
K =
aMexCly
aMex ·(pCl2)
y/2
. (2.6)
When a reaction is at equilibrium (∆RG = 0), the standard-state Gibbs free energy
of reaction ∆RG
0 can be related to the equilibrium constant K of a reaction as
follows [8]:
∆RG
0 =−RT · lnK. (2.7)
The standard-state Gibbs free energy of reaction can also be calculated from the
standard-state Gibbs free energies of formation ∆G0i . It is the sum of the Gibbs free
energies of formation of the products minus the sum of the Gibbs free energies of
formation of the reactants [8]:
∆RG
0 =
∑
i
νi∆G
0
prod.,i−
∑
i
νi∆G
0
ed.,i. (2.8)
Tabulated standard-state Gibbs free energy of formation data can be used to predict
the direction and energy yield of a particular reaction [9–11].
The thermodynamic activity of the elements, i.e. pure phases, is defined as unity.
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Thus, e.g. Eqs. (2.7) and (2.6) can be written as follows for reaction (2.3) [7]:
∆RG
0 =−RT · ln
(
1
pCl2
)y
2
. (2.9)
2.1.1 Gas phase equilibria
Within this study, chlorination atmospheres comprising N2 as carrier gas and
additions of O2, H2O, CO2, HCl and SO2 are the main focus (Tab. 4.5). The Cl2-
source within the used gaseous environment is based on the conversion of hydrogen
chloride gas to chlorine gas [12]:
2HCl(g)+0.5O2(g)
H2O(g)+Cl2(g). (2.10)
Equation (2.10) was specified by Henry Deacon in 1874 and had a technically
sophisticated relevance for the chlorine production in former times. The so-called
’Deacon Process’ is a method of chlorine production by passing a hot mixture of
gaseous hydrochloric acid together with oxygen over a cuprous chloride (CuCl2)
catalyst and takes place at about 400 °C to 450 °C. The Deacon Process is a
secondary process used during the manufacture of alkalis (the initial end product
was sodium carbonate) by the Leblanc process [12].
However, metal chlorides as well as metal oxides interfere with the establishment
of equilibrium and can lead to a significant shift of reaction (2.10) towards
the products. Therefore, it is assumed that adjacent to the corrosion scale
thermodynamic equilibrium is almost reached and the equilibrium partial pressure
of chlorine pCl2 is considered as follows [7]:
pCl2 =K·
p2HCl·p
1
2
O2
pH2O
. (2.11)
The materials used in this work were exposed to complex laboratory controlled multi-
oxidant atmospheres given in Table 4.5. Based on the volume fraction of the gaseous
composition, the following partial pressures of chlorine are thermodynamically
established in the used water vapour containing environments (Tab. 4.5) as
determined by Eq. (2.11):
Waste atmosphere:
· pCl2(320 °C) = 3.21 ·10
−4 bar
· pCl2(450 °C) = 3.83 ·10
−5 bar
· pCl2(600 °C) = 7.17 ·10
−6 bar.
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Biomass atmosphere:
· pCl2(500 °C) = 1.10 ·10
−7 bar
· pCl2(550 °C) = 6.32 ·10
−8 bar
· pCl2(600 °C) = 3.86 ·10
−8 bar.
Investigations of Abels et al. [12] showed that in high temperature corrosion the
corrosive species is Cl2 instead of HCl, hence, chlorine is considered as the active
corrosive component for the degradation mechanisms.
2.1.2 Stability of oxides, chlorides and sulfides
As reported in the summary of Sämann [13], chlorine-induced high-temperature
corrosion of metallic substrates in oxygen- and sulfur-rich atmospheres, e.g. waste
and biomass atmosphere (sec. 2.1.1), induces the formation of metal oxides, metal
chlorides as well as metal sulfides according to Eqs. (2.2)-(2.4). The Gibbs free
energy of formation for some metal chlorides, oxides and sulfides at 600 °C are
listed in Table 2.1. The negative values of the Gibbs free energy of formation
show that oxides, chlorides and sulfides are thermodynamically stable at the present
conditions. Metal oxides are rather stable compared to the corresponding chlorides
or sulfides [13].
Moreover, the ∆G0600 of Ni-chlorides and -oxides are relatively low compared to
Ni-sulfides, which are more negative. Additionally, metal sulfates can occur such
as FeSO4, NiSO4, MnSO4, (Fe, Cr, Al)2(SO4)3, and may cause a decrease of the
melting point of deposits (Tab. 2.6). Fe, Cr, Mo, Nb, V, and W tend to form highly
volatile oxyhalide species, i.e. ternary compounds of oxygen and chlorine, at high
p(Cl2) and somewhat lower p(O2), e.g. MoOCl3 or WOCl4.
Isothermal thermodynamic stability diagrams (TSD) are useful to interpret the
results of high-temperature corrosion experiments, i.e. the condensed phase, which
has been formed. When a metal reacts with a gas containing more than one
oxidant, a number of different phases may form depending on both thermodynamic
and kinetic considerations. The construction of this type of diagrams requires the
establishment of the Gibbs free energy composition behaviour for the system of
interest and the following evaluation of the stability fields at a given temperature
by minimising the Gibbs free energy of reaction ∆RG. Such diagrams will be used
later to interpret the reactions involving metals in complex atmospheres, i.e. ’Active
Oxidation’, and ’Hot Corrosion’.
The regions of the stability data for the iron chloride and oxide system are
expressed as log p(Cl2) versus log p(O2) (Fig. 2.1).
For sulfur containing environments, e.g. SO2 (Eq. (2.54)), or alloys covered with
a deposit of sulfates, e.g. Na2SO4 can be considered as Na2O and SO3 (Eq. (2.36)),
it is useful to choose either S2 or SO3 for the phase equilibria in a stability diagram.
Correspondingly, a second TSD is shown in Figure 2.2 for the Fe-O-S system at
600 °C.
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Table 2.1: Standard-state Gibbs free energy of formation of metal chlorides, oxides
and sulfides at 600 °C [11,14,15]10.
Chlorides ∆G
0
600 Oxides ∆G
0
600 Sulfides ∆G
0
600
kJ/mol kJ/mol kJ/mol
FeCl2 -232.1 Fe2O3 -591.8 FeS -104.3
FeCl3 -237.1
∗
Fe3O4 -829.7 Fe2S -121.8
Fe7S8 -790.2
CrCl2 -286.0 Cr2O3 -908.0 CrS -139.1
CrCl3 -358.4 Cr6S7 -1,019.5
NiCl2 -174.2 NiO -160.1 NiS -74.6
NiS2 -101.3
Ni3S2 -187.4
Ni3S4 -255.8
MnCl2 -366.7 MnO -321.0 MnS -221.7
Mn2O3 -731.0 MnS2 -215.3
Mn3O4 -1,084.5
MoCl2 -168.4 MoO2 -428.0 MoS2 -238.3
MoCl3 -240.9 MoO3 -523.6 Mo2S3 -359.1
MoCl4 -296.1
∗
MoCl5 -287.7
∗
WCl2 -155.5 WO2 -429.5 WS2 -220.9
WCl4 -251.6
∗
WO3 -607.8
WCl5 -255.7
∗
W7O19 -4,016.0
W10O29 -6,005.9
NbCl5 -540.7
∗
NbO -339.8
Nb3Cl7 -1,008.9 NbO2 -634.9
Nb3Cl8 -1,119.0 Nb2O5 -1,515.3
AlCl3 -541.1
∗
Al2O3 -1,401.3 Al2S3 -601.5
SiCl4 -547.3
∗
SiO2 -752.4 SiS2 -229.2
∗
Gibbs free energy of formation of gaseous metal chlorides
The appearance of phases of variable composition and intermediate products, such as
spinels, is significant since superposition of diagrams for the individual pure metals
will neglect these phases. Therefore, the relationship in mixed oxide, chloride, and
sulfide solutions must be estimated.
Due to the water vapour of 15% and 22%H2O (Tab. 4.5), the chlorine partial
pressure is somewhat lower (sec. 2.1.1). The corresponding thermodynamic stability
diagrams are given in Appendix B. All stability diagrams in this work were
calculated by the chemical thermodynamics software ’FactSage©’ [15].
At present conditions, oxides are the stable phases in equilibrium with the gas
atmosphere at the considered experiments, i.e. 320 °C, 450 °C, 500 °C, 550 °C and
600 °C, whereas the chloride/oxide equilibria of some elements are somewhat shifted
towards the chlorides (Tab. 4.5). As reported in [13, 16], condensed chlorides and
sulfides are obtained in reduced oxygen activities and developed when they exceed
the chloride or sulfide dissociation pressure. The conditions for the formation are
established at the alloy/scale interface, where the local oxygen partial pressure is
determined by the metal/oxide equilibrium. At moderate and high temperatures,
10
s. Sämann [13], p. 6
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Figure 2.1: Thermodynamic stability diagram of the system Fe-O2-Cl2 at
ϑ = 600 °C. Calculated with FactSage [15].
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Figure 2.2: Thermodynamic stability diagram of the system Fe-O2-SO3 at
ϑ = 600 °C. Calculated with FactSage [15].
there are mechanically formed cracks in iron oxide layers, which may allow the
formation of chlorides. In contrast to condensed metal chlorides, the formation of
gaseous chlorides is possible even below the dissociation pressure of chlorides at low
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chlorine activities [17]11 according to the following equation [13,16]:
Me+
x
2
Cl2(g)
MeClx(g). (2.12)
A recent study [18, 19] shows that the corrosion risk is underestimated by
conventional stability diagrams compared to the developed approach in the form
of ’dynamic’ quasi-stability diagrams taking the critical partial pressure of 10−04
bar of volatile metal chlorides into account.
This advanced type of diagram is not only based on thermodynamic
considerations (as for the diagrams existing so far) but also on the products and
reactants flow through a gas boundary layer formed on the material surface. As
a consequence, the criterion for corrosion resistance is given in terms of a metal
recession rate for dynamic conditions as encountered in most industrial applications.
Thus, the thermodynamic stability lines of the quasi-stability diagrams are below
those of the used stability diagrams.
2.1.3 Melting- and boiling point of chlorides, oxides and
sulfides
As mentioned by Zahs [16], the aggregate state of the formed elements has a
significant influence on the corrosion mechanisms, in particular the gaseous state.
Table 2.2 contrasts the melting- (ϑM ) and boiling- (ϑB) temperatures of chlorides
with oxides and sulfides. Compared to both oxides and sulfides, chlorides have low
ϑM and ϑB, moreover, to some extent chlorides are still gaseous even at high p(O2)
in the used temperature range of 320-600 °C (Tab. 2.4). Both oxides and sulfides are
consistently in the solid state, however, MoO3 has a remarkably increased vapour
pressures above 600 °C [16].
2.1.4 Vapour pressure of metal chlorides
As reported in [16], even though most of the metal chlorides are in the solid
state, however, they have considerably high vapour pressures at present exposure
temperatures according to Eq. (2.13). The data of different metal chlorides at 320 °C,
450 °C, 500 °C and 600 °C are given in Table 2.3 [16].
MeCl2(s)
MeCl2(g). (2.13)
According to [16], in the case of the bivalent and trivalent Mo-chloride,
disproportionation occurs. Hence, the vapour pressure data are related to the highest
oxidised metal chloride as indicated in Table 2.3 [16].
11
s. Zahs [16], p. 17
12
s. Sämann [13], p. 6
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Table 2.2: Melting- (ϑM ) and boiling- (ϑB) temperature of metal chlorides, oxides
and sulfides [10,20,21]12.
Chlorides ϑM ϑB Oxides ϑM Sulfides ϑM
°C °C °C °C
FeCl2 676 1,000 Fe2O3 disp.(1,457) FeS 1,188
FeCl3 303 330 Fe3O4 1,597
CrCl2 820 1,303 Cr2O3 2,330 CrS 1,565
CrCl3 1,006
NiCl2 955 NiO 1,955 NiS 995
MnCl2 652 1,236 MnO 1,810 MnS 1,530
Mn2O3 disp.(950)
Mn3O4 disp.(1,088)
MoCl2 disp.(946) MoO2 disp.(>1,800)
MoCl3 disp.(653) MoO3 795
MoCl4 330
MoCl5 194 286
NbCl5 203 247 Nb2O5 1,460
AlCl3 181 Al2O3 2,054 Al2S3 1,100
SiCl4 -70 57 SiO2 1,713
2MoCl3(s)
MoCl2(s)+MoCl4(g) (2.14)
2MoCl2(s)
Mo(s)+MoCl4(g) (2.15)
3WCl4(s,g)
WCl2(s)+2WCl5(g). (2.16)
WCl4 remains stable in the solid state approx. up to 340 °C. At higher temperatures,
the gaseous phase is the stable one. The tungsten(VI)oxychloride WO2Cl2
disproportionates to tungsten(VI)oxide WO3 and tungsten(VI)oxychloride WOCl4
above 200 °C [20]. Niobium is quite complex, where the most stable phase is NbCl5,
which is existent in the gaseous phase at around 250 °C [15]. Besides this phase,
several stable Nb-chlorides can be formed, in particular NbCl3 and NbCl4, as well
as intermediate elements like NbCl2.33 (or more likely Nb6Cl14), which was formerly
described as NbCl2, and NbCl2.67 (= Nb3Cl8) [20].
The Clausius-Clapeyron relation gives the temperature dependence of the vapour
pressures as follows [16]:
lnp(Cl2) = ln
(
p2(HCl)·p0.5(O2)
p(H2O)
)
−∆RG
0
RT
. (2.17)
As mentioned in [16], the appropriate vapour pressure data (Tab. 2.3) are calculated
for pure metal chlorides. However, at the degradation process of alloys, prevailing
chloride mixtures occur due to the miscibility of the chlorides. Therefore, the vapour
pressures of the pure metal chlorides can be used to estimate the existing vapour
pressures [16].
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Table 2.3: Vapour pressures of metal chlorides at 320 °C, 450 °C, 500 °C and
600 °C [15]13.
Chlorides pMeClx(320°C) pMeClx(450°C) pMeClx(500°C) pMeClx(600°C)
bar bar bar bar
FeCl2 6.50 · 10
−9 6.47 · 10−6 4.86 · 10−5 1.33 · 10−3
CrCl2 9.35 · 10
−15 9.89 · 10−11 1.49 · 10−9 1.28 · 10−7
CrCl3 4.95 · 10
−10 2.16 · 10−6 2.49 · 10−5 1.39 · 10−3
NiCl2 5.98 · 10
−11 2.20 · 10−7 2.44 · 10−6 1.29 · 10−4
MnCl2 5.47 · 10
−11 1.32 · 10−7 1.28 · 10−6 5.40 · 10−5
MoCl∗2 4.24 · 10
−7 4.02 · 10−4 2.96 · 10−3 7.86 · 10−2
MoCl∗3 2.40 · 10
−8 9.19 · 10−6 5.10 · 10−5 8.23 · 10−4
WCl2 3.87 · 10
−13 2.19 · 10−9 2.74 · 10−8 1.73 · 10−6
WCl∗∗4 6.59 · 10
−3 3.44 · 10−1 1.05 6.18
AlCl3 8.15 · 10
−22 3.26 · 10−19 - 3.40 · 10−17
SiCl4 7.26 · 10
−26 8.43 · 10−24 - 3.41 · 10−22
related to *MoCl4(g) **WCl5(g)
The Hertz-Knudsen-Equation can be used to estimate the maximum possible
evaporation rate Ji,max of a plane surface in a vacuum, which is an accurate
application based on the kinetic theory of gases [16]:
Ji,max =
pi√
2piRTMi
. (2.18)
As given in [16], the Hertz-Knudsen equation provides a mass transfer rate
proportional to the difference between saturation pressure and actual pressure at
the surface. In dynamic reacting flows, the rate of evaporation is characterised by
the mass flow across the flow boundary layer. In the case of a laminar flow crossing
a flat plate the evaporation rate relates to the following equation [16]:
Ji = 0.664
D
2
3
i ·u
1
2 ·pOi
L
3
2 ·ν
1
6 ·RT
. (2.19)
The rate of evaporation in Eq. (2.19) is proportional to the square root of the
flow velocity and directly proportional to the vapour pressure of the appropriate
species [16].
13
s. Zahs [16], p. 18
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2.1.5 Mechanism of ’Active Oxidation’
Depending on the process, chlorine is present as HCl gas, as solid KCl and NaCl
in ashes or as eutectic melts, i.e. KCl-ZnCl2 in deposits of waste fired boilers. In
the presence of HCl gas and solid chlorides as well as high oxygen partial pressures,
’Active Oxidation’ is generally accepted as the major corrosion mechanism and was
first described by McNallan et al. [22,23]14. Chlorine induced corrosion is the most
important corrosion process in power plants, firing waste, coal and/or biomass [24].
Based on the characterisation of Grabke et al. [24], the corrosion of pure metals
and metallic alloys in oxidising-chloridising environments occurs by the following
reactions:
(i) formation of Cl2 from HCl (Eq. (2.10)) on top of and within the oxide scale,
(ii) penetration of Cl2 into the scale and reaction to metal chlorides (Eq. (2.20))
at the metal/scale interface, where the oxygen activity is reduced
Me+Cl2 
MeCl2(s,g), (2.20)
(iii) the evaporation of metal chlorides according to Eq. (2.13) (see Tab. 2.3) and
its rate-determining outwards diffusion through the scale (see the following
paragraphs), and
(iv) oxidation of the chlorides (Eq. (2.21)) to crystalline but porous, voluminous
and non-protective multi-layered oxides at regions with a sufficiently high
p(O2) within or on top of the scale
2MeCl2(g)+1.5O2(g)
Me2O3(s)+2Cl2(g). (2.21)
The released Cl2 can re-enter the scale, and thus, the ’Active Oxidation’ is a circuit
catalysed by chlorine, leading to an unprotected oxide scale [24]. Figure 2.3 shows
schematically the corrosion process of the ’Active Oxidation’ mechanism.
The evaporation of the gaseous metal chloride phases can be taken into account
by using a critical metal chloride partial pressure of 10−04 bar of volatile metal
chlorides, as a criterion distinguishing critical and non-critical corrosion conditions.
It is based on the empirical assumption that vapour pressures of metal chlorides,
released from the solid metal chloride phase at and above a critical value of 10−04 bar,
lead to a significant acceleration of corrosion. Its theoretical explanation is expressed
as the rate of solid metal chloride vaporisation as given by the Hertz-Langmuir
equation [25]. For several elements this critical vapour pressure of metal chloride is
already reached at a temperature lower than 300 °C (equilibrium between MxCly(s)
and MxCly(g)) [18].
The reaction of Cl2 with the alloying elements is faster, the more negative the
free energy of chloride formations is. Cr, Fe and Mn are attacked strongly, whereas
14
s. Sämann [13], p. 10
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High Temperature 
Reactions
Dr. F. Renner
Alloy
ScaleMeCl2(s) = MeCl2(g)
Gas
2MeCl2(g) + 1.5O2 = Me2O3 + 2Cl2
2HCl + 0.5O2 = H2O + Cl2
Me + Cl2 = MeCl2(s)
Figure 2.3: Illustrated process of the ’Active Oxidation’ mechanism [24].
Ni and Mo react slowly and behave inert. From Ni and/or Mo rich alloys, the
other alloying elements are reacted selectively and a porous Ni- and Mo-rich metal
layer remains. Thus Ni and Mo are favourable for the corrosion resistance of alloys
in oxidising-chloridising environments according to the thermodynamical stability
sequence Mn > Cr > Fe > Ni > Mo [24]. However, the transportation of metals
across the oxide scales is enhanced by means of evaporation of metal chlorides,
hence their conversion to oxides also leads to a severe mechanical damage of the
oxide layers due to internal stresses [26].
Also carbides such as M23C6 are strongly attacked beginning from the sample
surface and are weak components in the corrosion of alloys in oxidising-chloridising
conditions. The preferential attack of the carbides leaves cavities in the metal
matrix, thus, the formed components are of necessity volatile. The reaction has a
significantly negative Gibbs free energy. Also M7C3, obtained by heat treatment, is
preferably attacked and the corrosion leaves cavities along the grain boundaries [24].
In many cases, the grain boundaries of the materials are strongly attacked due
to a susceptibility of chromium carbides, i.e. Cr23C6 and Cr7C3, to chlorination
according to Eq. (2.22) [24]:
Cr23C6(s)+23Cl2(g)+3O2(g)
 23CrCl2(g)+6CO(g). (2.22)
Since gaseous reaction products, i.e. CrCl2 and CO, are formed, holes are left in the
metal matrix and internal oxidation follows at grain boundaries, where chromium
carbides had been before [27]. In contrast, carbides such as Mo6C, TiC and NbC
are less attacked than the matrix [24].
2.1.6 Equilibrium of gaseous chlorides/solid oxides
As mentioned in [13], certain oxygen activities are required for the conversion of
gaseous chlorides to oxides at constant Cl2-activity. According to Eq. (2.21), the
required oxygen partial pressure for the conversion of bivalent gaseous metal chloride
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Table 2.4: Equilibrium oxygen partial pressures of the conversion from gaseous
chlorides to condensed oxides at 320 °C, 450 °C and 600 °C in waste atmosphere
containing 2,000 vppm HCl, 8 vol.-% O2 and 15 vol.-% H2O [15]
15.
Chloride / Oxide pO2(320°C) pO2(450°C) pO2(600°C)
bar bar bar
FeCl2 / Fe2O3 6.37 · 10
−13
8.99 · 10
−13
1.21 · 10
−12
CrCl2 / Cr2O3 1.93 · 10
−25
6.45 · 10
−23
6.46 · 10
−21
CrCl3 / Cr2O3 1.76 · 10
−14
6.53 · 10
−15
1.35 · 10
−17
NiCl2 / NiO 1.72 · 10
−02
2.28 · 10
−06
2.20 · 10
−09
MnCl2 / Mn2O3 2.89 · 10
−05
1.69 · 10
−06
1.88 · 10
−07
MnCl2 / Mn3O4 9.87 · 10
−05
1.66 · 10
−06
7.13 · 10
−08
MoCl2 / MoO2 6.17 · 10
−29
4.12 · 10
−25
4.05 · 10
−22
MoCl3 / MoO2 2.56 · 10
−21
5.12 · 10
−20
5.62 · 10
−19
MoCl4 / MoO3 6.01 · 10
−15
1.45 · 10
−16
8.16 · 10
−18
MoCl4 / MoO2 7.39 · 10
−17
2.62 · 10
−16
7.16 · 10
−16
MoCl5 / MoO3 2.39 · 10
−14
5.38 · 10
−17
5.13 · 10
−19
MoCl5 / MoO2 1.86 · 10
−16
1.35 · 10
−16
1.13 · 10
−16
WCl2 / WO3 5.11 · 10
−32
1.64 · 10
−26
3.42 · 10
−22
AlCl3 / Al2O3 8.15 · 10
−22
3.26 · 10
−19
3.40 · 10
−17
SiCl4 / SiO2 7.26 · 10
−26
8.43 · 10
−24
3.41 · 10
−22
to trivalent oxide is given by [13]:
pO2 =

 p2Cl2
p2MeCl2(g)·Kchloride/oxide


2
3
. (2.23)
Also in [13], for the relevant chloride/oxide equilibria, the oxygen partial pressures
in equilibrium were calculated at certain temperatures (Tab. 2.4). The values were
calculated for the waste atmosphere containing 2,000 vppm HCl, 8 vol.-% O2 and
15 vol.-% H2O assuming that Eq. (2.10) is in equilibrium. Based on Eq. (2.23),
the oxygen partial pressure is determined by the vapour pressure equilibrium for
the particular p(MeCl2) and the equilibrium partial pressure p(Cl2) in the present
exposure atmosphere (sec. 2.1.1). For both values, the upper threshold of the
established pressures within the scale was used [13].
A comparison of the p(O2)-equilibria in Table 2.4 indicates that both gaseous
NiCl2 and MnCl2 are quite stable and become oxidised at rather high oxygen partial
pressures. In contrast, chlorides such as AlCl3 or MoCl2 become oxidised at low
p(O2). In the case of Fe-Cr alloys, the oxidation of iron chlorides occurs at relatively
high oxygen partial pressures compared to chromium chlorides.
Regarding the temperature dependency, the stability of Fe-, Cr-, Al-, Mo-
and Si-chlorides increases with respect to the oxide formation with increasing the
15
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temperature. The stability of NiCl2 and MnCl2 increases with decreasing the
temperature. Therefore, the thermodynamic driving force for the conversion of
Ni- and Mn-chlorides to oxides is rather low.
Thus, it could be expected that the formations of NiCl2 and MnCl2 is preferred
compared to the other alloy constituents, where oxides are more stable. In fact,
they are thermodynamically quite stable and do not convert to oxides. However,
the formation of oxychlorides (sec. 2.1.2) in equilibrium with the corresponding
oxides leads to high vapour pressures, e.g. the partial pressure of CrO2Cl2 is
1.65·10−05 bar in 8%O2-2,000 vppm HCl at 600 °C. Due to their low melting-
and solidification-point volatile oxychlorides do not completely condense in regions
of low temperature [20].
2.1.7 Reaction of metals in combustion environments
The presence of water vapour and carbon dioxide in atmospheres deliberated by the
combustion of fossil fuel was found to increase the corrosion of materials [28]. It is
proposed that the oxygen is physically transferred through pores, which contain the
species out of the atmosphere, i.e. H2, H2O, CO and CO2 and O2, according to the
dissociation reactions (2.24) and (2.25):
H2O(g)
H2(g)+0.5O2(g) (2.24)
CO2(g)
 CO(g)+0.5O2(g). (2.25)
These two reactions are decisive for the p(O2). In fact, these reactions take place
on catalytically active surfaces at the temperatures of interest in these applications
(400-800 °C) [29]. Thus, when CO2 and H2O are present in an oxidising atmosphere,
higher scaling rates are expected compared to lower kinetics measured without both
species.
A further problem in CO2-containing atmospheres is the carbon content of the
metal substrate. At 600 °C, the CO2/CO equilibrium fraction is 74.3 to 25.7 [15],
therefore, an atmosphere containing 13 vol.-% CO2 releases a carbon activity aC of
approximately 0.11. The carbon potential is defined by the equilibrium given in the
following reaction and referred to as ’Boudouard Reaction’:
2CO(g)
 CO2(g)+C(s). (2.26)
A metal may lose or pick-up carbon depending on whether the activity of carbon in
the metal is greater or less than the value defined by the atmosphere composition.
Carbon dioxide can penetrate in the scale and dissolve carbon in the metal substrate
when equilibrium is achieved within the scale (Fe3O4). The deposited carbon
can cause exfoliation of the scale, which is open for a rapid oxidation [30] in a
temperature range of 350-600 °C. Furthermore, dissolved carbon in the substrate
can cause precipitation of carbides such as chromium or niobium carbides. Internal
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oxidation depletes these elements from solution and prevents a protective scale
formation between 600 °C and 1,000 °C [31].
The presence of water vapour adversely affects selective oxidation of Al and Cr
in iron- [32] and nickel-base [33] alloys, which results in internal oxidation. Another
serious effect of water vapour at elevated temperatures is the increased spalling
tendency of alumina and chromia scales.
2.2 Kinetic fundamentals
2.2.1 Linear rate law
As reported by Zahs [16], in the initial stage diffusion through the scale is unlikely
to be rate limiting when the scale is thin and a thermodynamic equilibrium is
approached at the scale/gas interface, thus, the oxidation of metals obey the linear
rate law [34]16 [16]:
dx
dt
= kl. (2.27)
The solution to the differential equation is:
x= kl· t. (2.28)
According to [16], Grabke et al. [35, 36]17 show that the initial corrosion process at
the scale/gas interface is represented by several processes. Reactant gas molecules
must approach the scale surface and become adsorbed (physisorption), the adsorbed
molecules then split (dissociate) to form adsorbed oxygen, which attracts electrons
from the oxide lattice to become chemisorbed and incorporated into the lattice. If
the dissociation pressure of the metal oxides and the related surface concentration
will exceed, three-dimensional scaling is initiated [37,38]16 [16].
2.2.2 Parabolic rate law
As the reaction proceeds at a constant rate, the scale layer thickens and a transition
from linear to parabolic kinetics occurs. The flux of ions through the scale must be
equivalent to the surface reaction rate. To maintain the constant flux, the activity of
the metal at the metal/gas interface must fall as the scale growth. Since the metal
activity cannot fall below this value, further increase in scale thickens must result
in a reduction in the metal activity gradient across the scale [39].
As reported in [13, 16], in general, the oxide growth on metal surfaces can be
discussed in terms of Wagner’s theory of oxidation [40–42]16. According to this
16
s. Zahs [16], p. 25
17
s. Zahs [16], p. 24
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theory, the oxidation and the corresponding layer growth is caused by outwards
migration rates of metal cations and electrons and inwards transport of non-metal
anions, e.g. oxygen ions. In this case, both metal/scale and scale/gas interface are
considered to be in a thermodynamic equilibrium. Hence, if the transport of ions
across the scale becomes rate-controlling, the rate will fall with time according to a
parabolic rate law as reported by Tammann [43]16 [13, 16]:
dx
dt
=
kp
x
. (2.29)
The integrated form of the differential equation is:
x2 = 2kp· t. (2.30)
According to [13], Wagner considered the diffusion of cations and anions across the
scale quantitatively. Under certain conditions the parabolic rate constant could be
related to the electrical conductivity of the scale and the Hittorf numbers as well as
tracer diffusion coefficient of cations and anions [41]18 [13].
The diffusion rate of metal and oxygen ions are different as well as the mobility
of electrons through the scale could be rate determining. Therefore three cases of
parabolic scale growth are possible:
(a) The oxygen anions migrate faster through the scale as distinguished from
the metal cations. Hence, the scale grows from inside adjacent to the metal
interface, e.g. Fe2O3, SiO2, and predominantly Al2O3.
(b) If the metal cations migrate faster through the scale as distinguished from
the oxygen cations, the scale will grow predominantly from outside at the
oxide/gas interface, e.g. Cr2O3, NiO, or FeO.
(c) If the mobility of electrons is less than of both ions, the scale will grow either
from inside or outside depending on which ion diffuses faster through the oxide,
e.g. Al2O3.
2.2.3 Paralinear rate law
If the oxidation involves at least two processes, i.e the instantaneous rate of growth
of the scale with parabolic kinetics, and the vaporization of the oxide with linear
kinetics, the oxidation and reduction processes can be combined in a paralinear
expression. The paralinear rate law was first developed by Tedmon [44]. Following
his approach, the parabolic law for scale growth can be expressed by Eq. (2.29). As
the oxide grows, a corresponding reducing step occurs simultaneously due to the
oxide/gas interface reaction, where the scale will tend to get thinner. This step is
linear with time and the kinetics for this process are described by the combined
Equations (2.29) and (2.27) as follows [44]:
18
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dx
dt
=
kp
x
−kv. (2.31)
The effect of this surface reaction is to cause a transition from parabolic to linear
oxidation kinetics. The oxide scale will grow parabolically to a limiting thickness;
thereafter, metal-recession will proceed at a linear rate. Also, as the certain value of
oxide thickness is approached, weight loss will eventually ensue at a linear rate [44].
Zahs and Sämann [13, 16] reported that the described kinetic has been
successfully applied in the case of pure chlorination as well as simultaneous
chlorination-oxidation atmospheres. For instance, the paralinear rate law has been
discussed by Bramhoff et al. [45]19 on Fe-20Cr-steels in an atmosphere containing
HCl and low oxygen partial pressures at 900 °C. The scale growth of Cr2O3 is related
to the parabolic rate law and the vaporization of CrCl2(g) is described by the linear
rate law. The latter one is the rate determining step by the outwards diffusion of
chromium chlorides through the flow boundary layer in the gas flow [13,16].
2.2.4 Kinetics of ’Active Oxidation’
As mentioned in [16], the kinetics of the oxide formation by means of ’Active
Oxidation’ (sec. 2.1.5) shows an interaction of phenomena governed by kinetic
principles of each reaction step. This corrosion process is determined by the
evaporation and diffusion of metal chlorides, which is decreased at higher oxygen
partial pressures. However, the mentioned rate laws are not appropriate to describe
the complex total kinetic of ’Active Oxidation’, where the slowest sub-step is rate-
determining. Fundamental studies regarding the kinetic of the ’Active Oxidation’
mechanism were conducted by Grabke et al. [46]19 [16].
Additionally in [16] it is given that the ’Active Oxidation’ is characterised by sub-
steps as mentioned in sec. 2.1.5. The kinetics of ’Active Oxidation’ strongly depends
on the morphology of the oxide layer since this influences the diffusion pathways
of inwards and outwards diffusion of chlorine and metal chlorides, respectively.
However, with time the possibilities of diffusion pathways of the gaseous species
are barely constant. The quantity of cracks and pores are reduced by the formation
of new oxides. However, the growth of the surface scale inevitably results in the
generation of stresses, hence, scale cracking or even spalling occur, developing
new diffusion pathways. In addition, the formation of solid metal chlorides at
the metal/oxide interface leads to poorly adherent oxides and assists its spalling,
whereby diffusion pathways are also formed. Due to the complex corrosion
mechanism a quantification could be hardly determined [16].
Also reported in [16], Reese et al. [46–48]20 studied the corrosion of 2.25Cr-
1Mo-steel in the temperature range of 450-650 °C at the presence of NaCl. The
authors conclude that the rate of the accelerated oxidation is mainly determined by
the evaporation and outward diffusion of gaseous metal chlorides and therefore by
19
s. Zahs [16], p. 26
20
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temperature and thickness of the oxide scale. Other parameters such as the flow
velocity, the area covered with NaCl or the chlorine pressure, which was present at
the outer oxide scale, had less effect on the overall rate [16].
Zahs [49] shows that the kinetics of the ’Active Oxidation’ on high-alloyed
materials depends on its alloying elements by means of their different metal chloride
partial pressures. Therefore, metal chlorides have an essential influence on the
development of the oxide layers.
2.3 Corrosion beneath solid chlorides
As reported by Sämann [13], the constituents of the initial fouling on superheater-
tubes in WtE plants comprising small amounts of solid chloride, mostly KCl and
NaCl. By the presence of deposited solid chlorides, the mechanism of ’Active
Oxidation’ is launched by the generation of chlorine due to the reaction of chlorides
with metal oxides and oxygen [13]:
Fe2O3(s)+2(Na,K)Cl(s)+0.5O2(g)
 (Na,K)2Fe2O4(s)+Cl2(g) (2.32)
Cr2O3(s)+2(Na,K)Cl(s)+0.5O2(g)
 (Na,K)2Cr2O4(s)+Cl2(g) (2.33)
Al2O3(s)+2(Na,K)Cl(s)+0.5O2(g)
 (Na,K)2Al2O4(s)+Cl2(g). (2.34)
Two basic mechanisms are proposed in the literature showing that the presence
of chlorides in the deposits may affect the corrosion. One suggestion is that high
partial pressures of chlorinated species are generated in the deposits close to the
metal surface [50]. The generation of gaseous chlorine species could originate by
reaction between chlorides in the salt coatings and the oxide scale (Eqs. (2.32)-
(2.35)) [17,51].
In particular, steels are severely attacked in oxidising atmospheres at elevated
temperatures and form double oxides in terms of spinels. As mentioned in [13], both
field tests and laboratory testing conditions show the reaction of non-protective,
yellow-coloured chromates, which were formed beneath chlorides according to
Eq. (2.35) as well as beneath a mixture of chlorides and sulfates [52,53]21. Moreover,
a pre-existing chromium oxide layer becomes degraded by the formation of chromate
in the presence of both chlorides and oxygen. The reaction with the metal itself may
even prevent the formation of a protective Cr2O3 [54]
21 [13]:
2Cr2O3(s)+8(Na,K)Cl(s)+5O2(g)
 4(Na,K)2CrO4(s)+4Cl2(g). (2.35)
As reported in [13], the released chlorine from equations (2.32) - (2.35) can
21
s. Sämann [13], p. 22
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subsequently diffuse inwards to the metal/scale interface along cracks and pores
as characterised by [55]21. Afterwards, the following corrosion attack is compared
to the ’Active Oxidation’ mechanism described in sec. 2.1.5 [13].
Furthermore, low melting eutectica formation (Tab. 2.5) due to the interaction of
solid chlorides with metal chlorides resulting from the ’Active Oxidation’ or formed
metal oxides [7], e.g. according to Eq. (2.35).
Table 2.5: Eutectic temperatures for different binary mixtures [50,56,57]22.
Composition Melting point Composition Melting point
wt.-% °C wt.-% °C
KCl - FeCl2 340-393 KCl - AlCl3 128
KCl - FeCl3 202 KCl - K2CrO4 650
KCl - CrCl2 462-475 KCl - K2Cr2O7 366-368
KCl - CrCl3 700-795
Several experimental investigations are published on the corrosion caused by gaseous
and solid chlorides [17, 51, 58, 59]. Alexander [58] found that different salt coatings
consisting of pure chlorides and sulfates as well as mixtures of both significantly
increase the rate of oxidation on ferritic and austenitic steels at temperatures
above 400 °C. Miller et al. [60] report laboratory experiments, where carbon
steels deposited with alkali salts were exposed to a synthetic flue gas containing
80% Ar-10% CO2-10% H2O-250 vppm SO2 up to 50 hours. They found that sodium
chloride in the presence of flue gas was quite corrosive to carbon steels. However,
the lack of SO2 in the flue gas considerably decreased the corrosion for chloride
and sulfate-chloride mixtures. Gotthjaelp et al. [61] reported that the presence of
both aggressive gases, i.e. 200 ppm HCl and 300 ppm SO2 in oxidizing conditions
and a ash deposit consisting of KCl and K2SO4 increases the corrosion rate due to
synergistic effects between chloride and SO2.
2.4 Corrosion beneath molten salt: ’Hot
Corrosion’
As mentioned in [13], a general overview of the molten salt induced ’Hot Corrosion’
mechanism is given by Khanna and Jha [62]23 [13]. In practice, corrosion problems
in MSW or industrial waste incineration plants are often encountered with alkali
sulfates and therefore well studied. In addition to the attack by reactive gaseous
species, in particular HCl and SO2, and solid deposit, alloys used in WtE or BtE
plants undergo an aggressive corrosion process associated with the formation of a
molten salt deposit on the metal or oxide surface. This deposit-induced oxidation
is referred to as ’Hot Corrosion’ and accelerates a severe degradation of susceptible
22
s. Ruh [7], p. 9
23
s. Sämann [13], p. 16
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alloys once completely covered with e.g. sulfates, chlorides, carbonates, or partially
fused flue ashes. The melting points of selected sulfate and chloride melts are given
in Table 2.6. In practice, the accurate composition is not known, however, the data
are a good indication for possible low melting points.
The ’Hot Corrosion’ is characterised in two stages: an initial stage, during which
the rate of corrosion is slow and comparable to that in the absence of the deposit,
and a propagation stage in, which rapid corrosion occurs. The propagation stage
beneath a molten deposit is determined by two possible modes, i.e. basic and acidic
fluxing, to destroy the protective oxide scale. Basic fluxing occurs because oxide-
ions, i.e. O2−, in the melt react with the oxide to form soluble species. Acidic fluxing
involves dissolution of the oxide by donating its oxide-ions to the melt. Moreover,
depending on the temperature the ’Hot Corrosion’ mechanism is subdivided into
two types. If the deposit is initially molten at elevated temperatures, it will be
a form of ’Type I Hot Corrosion’ or also called ’High-temperature Hot Corrosion’
(for Na2SO4 > 884 °C, melting point in air). At moderate temperatures, reactions
of alloy components or constituents of the gas atmosphere with the solid Na2SO4
cause the formation of low-melting eutectics between the sulfate and acidic dissolved
species, which is then called ’Type II Hot Corrosion’ or ’Low-temperature Hot
Corrosion’ [39].
2.4.1 Sulfate melts
Acid-Base-Concept: A summary of reactions in sulfate melts is given by Sämann
[13], where it is mentioned that the corrosion process under molten sulfate conditions
is determined by the acid-base-concept introduced by Lux [63]24 and Flood, Forland
and Motzfeld [64]24. Electrochemical potential measurements show that in alkaline
molten salts such as sulfates or carbonates, oxide-ions exist due to dissociation of
sulfate into SO3 and O
2− according to Eq. (2.36) [13]:
SO2−4 
 SO3+O
2−. (2.36)
In view of reaction (2.37), the dissociation equilibrium of sodium may be written in
place of Eq. (2.36):
Na2SO4 
 SO3+Na2O. (2.37)
In [13] it is also said that consequently, the basicity of the Na2SO4 melt can be
defined in terms of the activity of oxide-ions or Na2O. In a basic melt the activity of
O2−-ions is high, whereas in a acidic melt the activity of O2−-ions is low. Therefore,
in this model a base is a O2−-donator while an acid is a O2−-acceptor. As shown by
Eqs. (2.36) and (2.37), the activity of O2− depends on the partial pressure of SO3
in the gas phase [13]:
24
s. Sämann [13], p. 16
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aNa2O ∼
1
pSO3
. (2.38)
Hence, in an atmosphere containing a low concentration of SO3, basic conditions are
established in the molten salt, whereas acidic conditions exist in the fused deposit
in an atmosphere comprising a high concentration of SO3.
As mentioned in [13], besides the effect of gas composition, the basicity of
a molten sulfate also depends on the components in the melt. Thermodynamic
considerations of the dissociation equilibrium of different alkali, earth-alkali and
heavy-metal sulfates show that at a given p(SO3) and constant temperature, the
activity of ZnO and PbO is much higher than of CaO, K2O, Na2O [53]
25. In
conclusion, a sulfate melt containing ZnSO4 and PbSO4 is much more basic than a
melt without heavy-metal sulfates [13].
Analysis of failure cases of superheater tubes applied in waste incineration plants
indicates that tubes are severely attacked by molten sulfates containing heavy
metals, i.e. Zn. Zinc is known to decrease the melting point compared to a sulfate
system without heavy metals (Tab. 2.6). In addition to the corrosive deposits,
aggressive gaseous species such as HCl and SO2 are leading to an accelerated
degradation of the exposed materials in simulated waste incineration conditions [65].
Fluxing process: The solubility of oxide scales in molten sulfates is the most
important parameter in sulfate induced corrosion. The solubility of a given oxide
in a given sulfate melt depends on temperature and on the composition of the gas
atmosphere in contact with the molten salt. For sulfates, basic and acidic fluxing
of oxide scales is observed as exemplified in [39]. Basic fluxing occurs in basic melts
by reaction of the oxide with O2−-ions, giving soluble complex oxide species:
MeO+O2− 
MeO2−2 . (2.39)
Acidic fluxing occurs in acidic melts by reaction of the oxide with dissolved SO3, in
which dissolved metal-ions are formed:
MeO2 
Me
2++O2−. (2.40)
As mentioned in [65], basic studies on the solubility of Al2O3 [66]
26, Fe2O3 [67]
26,
Cr2O3 [68]
26, NiO and Co3O4 [69]
26 in molten Na2SO4 were carried out by Rapp
and co-workers. The solubility curves obtained for various oxides are plotted as a
function of melt basicity in Figure 2.4. The variation of the Na2O-activity of the
melt was achieved by the SO3 partial pressure (via different partial pressures of
oxygen and SO2) in the surrounded gas atmosphere or by addition of Na2O2 to
the salt. The basicity was electrochemically controlled by the electromotoric force,
established by a combination of a ZrO2-electrode as an O
2−-sensor and a mullite
25
s. Sämann [13], p. 17
26
s. Spiegel [65], p. 304
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Figure 2.4: Measured oxide solubility in fused Na2SO4 at T = 1,200 K and 1 atm
O2. Adopted from [65].
(Ag/AgSO4) electrode, acting as a Na
+-sensor [65].
Also in [65], Figure 2.4 shows the typical amphoteric solubility of oxides in molten
Na2SO4, characterized by a solubility minimum at a fixed O
2−-activity for each
oxide, where the basic and acidic dissolution curves intersect except for SiO2, which
shows a very low solubility over a wide range of Na2O-activity. At Na2O-activities
above the minimum, the oxides are dissolved by basic fluxing, at Na2O-activities
below the minimum value, the oxides are dissolved by acidic fluxing. Hence, the
oxides Al2O3 and Cr2O3 are much more acidic compared to the oxides NiO, Co3O4,
and Fe2O3 [65].
As mentioned in the summary of Sämann [13], the solubility of NiO in Na2SO4
at 1,473 °C and 1.01·105 Pa has been investigated by Gupta and Rapp [69]25. The
minimum solubility was found at -log a
O
2− = 10.3. By increasing the activity of
Na2O, the solubility is increased resulting in a basic fluxing as nickelate ions NiO
−
2
(left of the minimum). Whereas at decreasing Na2O-activity and simultaneously
increasing solubility, acidic fluxing is observed as Ni2+ (right of the minimum) [13].
2NiO+O2−+0.5O2 
 2NiO
−
2 (basic) (2.41)
NiO
Ni2++O2− (acidic). (2.42)
The exact changes of solubility depend upon the composition of the alloy, the
exposure time, the thickness of the deposit and the composition and flow rate of
the atmosphere [39]. According to the summary of Sämann [13], the character of
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phases (right) as a function of p(O2) and p(SO3) in molten Na2SO4 at 900 °C.
Adopted from [21].
dissolved species and formed scales is strongly affected by the p(O2) of the gas. For
the solubility of chromia scales at high p(O2), i.e. pO2 = 1.01·10
5 Pa and 1,200 K,
chromia is dissolved as follows [13]:
Cr2O3+2O
2−+1.5O2 
 2CrO
2−
4 (basic) (2.43)
Cr2O3 
 2Cr
3++3O2− (acidic), (2.44)
whereas at low p(O2), i.e. pO2 = 3.19·10
−7 Pa and 1,200 K, chromia is dissolved
according to:
Cr2O3+O
2−

 2CrO−2 (basic) (2.45)
Cr2O3+2SO
2−
4 
 2CrS+2O
2−+4.5O2 (acidic). (2.46)
Correspondingly to [13], at high oxygen partial pressures, chromate is formed by
basic fluxing while CrO−2 is formed at low p(O2). At acidic conditions, chromium
sulfide is formed at low partial pressures of oxygen, whereas at high p(O2) the
formation of sulfate is favoured [68]27. Certain correlations could be recognised by
Zhang and Rapp [70]27 for the dissolution of iron oxide in molten sulfates [13].
Figure 2.5 shows the stability diagrams of Cr and Al phases as a function of
p(O2) and p(SO3) at 900 °C, beneath a molten Na2SO4-film. In each case, the
right stability fields of the mentioned sulfates are related to the acidic fluxing.
However, under common incineration conditions such high SO3 partial pressures are
not achieved. The stability of Al2O3 extends to a broader p(SO3) range compared to
Cr2O3. Therefore, the tendency of Al2O3 to withstand the ’Type I Hot Corrosion’
is increased.
27
s. Sämann [13], p. 19
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In the summary of Sämann [13] it is reported that if more than one oxide is present
in the salt, then the solubility of oxides in molten Na2SO4 will be enhanced due to
synergistic effects. This was shown by Hwang and Rapp [71]27 with a mixture of
Fe2O3 and Cr2O3 in molten Na2SO4 at 1,473 °C and an atmosphere containing O2-
1 vol.-% SO2. The basicity of the melt was fixed at an intermediate value between
the two solubility minima of Cr2O3 and Fe2O3. Under these conditions chromia is
dissolved by basic fluxing whereas Fe2O3 is dissolved by acidic fluxing [13]:
Cr2O3+4K2SO4+1.5O2 
 2K2CrO4+2K2S2O7 (2.47)
Fe2O3+3K2S2O7 
 Fe2(SO4)3+3K2SO4. (2.48)
By [13], in this case is SO3 generated by basic fluxing of Cr2O3 and dissolved as
pyrosulfate (Eq. (2.47)). However, due to the simultaneous consumption of SO3 by
acidic fluxing of Fe2O3 (Eq. (2.48)), its rate-determine diffusion in the salt can be
neglected and the solubility of both oxides is enhanced [13].
The acidic fluxing is subdivided into alloy-induced acidic fluxing, in which acidic
conditions in the molten salt are established by dissolution of species from the alloy,
and gas-induced acidic fluxing, in which the acidic conditions are established by
interaction of the melt with the gas phase.
In alloy-induced acidic fluxing, elements such as Mo, W, or V in the alloy cause
deposits to become acidic since oxides of these elements are dissolved into the deposit
as exemplified for Mo and Al [39]:
MoO3+SO
2−
4 
MoO
2−
4 +SO3 (2.49)
Al2O3+3MoO3 (in SO
2−
4 )
 2Al
3++3MoO2−4 . (2.50)
WO3 is insoluble in acidic solutions, whereas in strong basic solutions, tungsten
trioxide is dissolved as wolframate WO2−4 . Vanadium oxide, i.e. V2O5, is more
complex. In strong basic solutions, orthovanadate VO3−4 -anions are formed. At
intermediate basic values, two anions are possible: pyrovanadate V2O
4−
7 - and
metavanadate VO−3 -anions [72].
All these oxides have the tendency to complex with oxide-ions in solution to
form molybdates, tungstates, and vanadates. It would be preferable to decrease the
O2−-activity of the solvent salt so as to come up to the minimum point of a solubility
curve of Cr2O3 (Fig. 2.4). When strong acid oxides such as MoO3, WO3, and V2O5
dissolve in molten salts, the a(O2−) of the salts decreases according to Eq. (2.39).
Therefore, if Mo, W, or V is added to an alloy and forms its oxide on the surface
of the alloy, then the a(O2−) of the molten salt in the deposit will decrease and the
solubility of Cr2O3 will be expected to decrease [68].
The amount of oxide dissolved is determined by the values of aMoO3 and pSO3 .
Therefore, at elevated temperatures the tendency for the basic fluxing according to
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’Type I Hot Corrosion’ is eventually delayed and may be followed by acidic fluxing.
At lower temperatures, the ’Type II Hot Corrosion’ is sustained or even enabled by
means of the additionally generated SO3 (Eq. (2.49)), which is called alloy-induced
acidic fluxing [39].
In the case of gas-phase induced acidic fluxing, the acidic component is supplied
to the deposit by the gas via the reverse reaction of Eq. (2.36) or as follows [65]:
SO3+SO
2−
4 
 S2O
2−
7 . (2.51)
The corrosion front of ’Type II Hot corrosion’ is mostly local, i.e. selective fluxing
occurs, and pits are formed. Contrary, ’Type I Hot Corrosion’ exhibits an extensive
fluxing of the protective oxide layer accompanied with a depleted zone in the bulk
material adjacent to the corrosion front. Furthermore, basic fluxing is not self-
sustaining, whereas both alloy- and gas-induced acidic fluxing are self-sustaining [39].
Corrosion mechanisms: According to the summary of Sämann [13], corrosion
mechanisms in molten sulfates are primarily based on the solubility of oxide scales.
Early work from Bornstein and DeCrescente [73]28 on the kinetics of alkaline
dissolution of nickel-based alloys in molten Na2SO4, NaNO2 and Na2CO3 at 800-
1,000 °C in oxygen has shown that oxide-ions are responsible for salt melt induced
corrosion [74]29. The authors also observed the reaction of chromia to CrO2−4 in
basic melts. Further work from Goebel and Pettit [75]28 has shown an accelerated
corrosion of nickel and nickel-based alloys in molten Na2SO4 at 1,000 °C in air and
oxygen. Based on the results of the thermogravimetric experiments, the authors
suggested a basic fluxing mechanism of NiO by oxide-ions in the melt [13]:
NiO+O2− 
NiO2−2 . (2.52)
The model of Goebel and Pettit also suggests an O2−-gradient in the salt film.
They suppose an increase of oxide-ion activity at the melt/oxide phase boundary by
oxidation of nickel with oxygen and by the formation of NiS according to equilibrium:
SO2−4 
 SO2+0.5O2+O
2− (2.53)
2SO2 
 S2+2O2. (2.54)
Also in [13] it is mentioned that the consumption of SO2 and S2, respectively, for the
NiS formation leads to an increase of the O2−-activity at the oxide/melt interface.
Since the concentration of dissolved NiO2−2 is high at the melt/scale phase boundary
and low at the scale/gas phase boundary, it diffuses through the melt film towards
the gas atmosphere. At the outer interface, the concentration of O2− is quite low,
28
s. Sämann [13], p. 20
29
s. Zahs [16], p. 18
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Figure 2.6: Transport of dissolved species in the negative solubility gradient during
basic fluxing [77].
NiO2−2 is no longer stable and NiO is formed by the reverse of the reaction (2.52). At
the same time, the dissolution of the protective NiO layer enables the penetration of
the melt towards the substrate, where a low-melting nickel sulfide eutectic is formed.
By its reduction, sulfur is liberated reacting with the metal and forms innermost
sulfides. The sulfides permit rapid transport of metal out through the corrosion
product. Hence, NiS, which is established beneath a NiO layer, causes the scales
formed by this fluxing mechanism to be porous and non-protective [13].
According to [13], further development of the model by Goebel and Pettit was
carried out by Rapp and Goto [76]28. The authors defined a negative solubility
gradient in the melt film towards the gas atmosphere as the criterion for a continued
basic fluxing of oxide scales. The dissolved oxide migrates outwards and precipitates
in form of non-protective, discontinuous particles [13]. When the solubility gradient
is positive, the salt melt becomes saturated with oxides and protective oxides may
be formed at the metal surface (Fig. 2.6) [39].
As well reported in [13], basic investigations on acidic fluxing at temperatures
lower than the melting point of the salts were carried out by Rahmel [78]30. Rahmel
investigated the corrosion of steels beneath K2SO4 deposits (ϑM = 1,096 °C) in
a SO3-containing atmosphere in exposure tests. He observed the formation of a
complex alkali-iron-sulfate as the reaction product of the Fe2O3 scale, the salt and
the gas phase. As the eutectic melting point of the K2SO4-alkali-iron-sulfate mixture
was reached (’Type I Hot Corrosion’), accelerated corrosion occurred. Rahmel
pointed out that chromia scales behave rather resistant under these conditions [13].
Additionally in [13] it is said that a detailed corrosion mechanism of Co-based
alloys in oxygen- and SO3-containing gases was also provided by Luthra [79]
30. In
this model, in only SO3 containing gases the sulfur trioxide is dissolved in the melt
as S2O
2−
7 , which is transported via SO
2−
4 -ions from the melt/gas to the melt/CoO
interface, where CoSO4 is formed. In gases containing oxygen exclusively, Co
2+
is dissolved from the oxide and transported to the melt/gas interface, where it is
30
s. Sämann [13], p. 21
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Table 2.6: Eutectic melting points of sulfate and chloride systems [57,82]31.
Composition Melting point Composition Melting point
wt.-% °C wt.-% °C
ZnCl2 318 39ZnCl2 - 50KCl - 11PbCl2 275
PbCl2 498 35ZnCl2 - 48NaCl - 17PbCl2 350
48ZnCl2 - 52KCl 250 40KCl - 16NaCl - 44PbCl2 400
73ZnCl2 - 27PbCl2 300 KCl - NaCl - CaCl2 504
21KCl - 79PbCl2 411 KCl - ZnCl2 - K2SO4 - ZnSO4 292
17NaCl - 83PbCl2 415 NaCl - KCl - Na2SO4 - K2SO4 518
CaCl2 - PbCl2 475 Na2SO4 - K2SO4 - ZnSO4 384
CaCl2 - KCl 600 Na2SO4 - K2SO4 - CaSO4 776
NaCl - KCl 660
oxidized by oxygen to Co3+ and Co3O4 is formed. Co
3+ can also diffuse to the
melt/oxide interface, where it is reduced to Co2+ again. If p(SO3) is quite low
and oxygen is present in the gas, CoSO4 might be also formed at the melt/gas
interface [13].
2.4.2 Chloride melts
As mentioned in the summary of Sämann [13], chloride melts are generally found
close to the scale/deposit interface, while molten sulfates are predominantly found at
the deposit/gas interface in equilibrium with the flue gas conditions, i.e. temperature
and velocity. The melting points of chloride-rich deposits are lower compared to
sulfate containing deposits. In particular, heavy metal comprising salt mixtures
decrease the melting point in comparison to compositions without any heavy metals
(Tab. 2.6) [13].
Furthermore in [13] it is reported that for molten salt corrosion of pure sulfates
(sec. 2.4.1), it is also very important to determine the stability of protective oxide
films in molten chloride salts. The dissolution behaviour of oxides in molten chlorides
has almost the same tendency as that in molten Na2SO4. However, only few
investigations are published according to the solubility of fused chlorides due to
the sophisticated monitoring of pure chloride melts. Ishitsuka and Nose [80, 81]31
studied the solubility of several oxides in molten NaCl-KCl at 727 °C and NaCl-
KCl-Na2SO4-K2SO4 at 550 °C, which were conducted in three different levels of
basicity (Fig. 2.7). In order to vary the basicity of the solvents over a wide range,
three types of experimental conditions were selected, i.e. -log a
O
2− = 2 for basic
conditions, -log a
O
2− = 7 for medium conditions and -log a
O
2− ≥ 17 for acidic
conditions [13].
According to [13], in comparison to the solubility of oxides in molten Na2SO4
(Fig. 2.4), a similar amphoteric solubility behaviour occurs for pure molten chlorides
as well as for chloride-sulfate melts regarding the typical V-shaped curves (Fig. 2.7).
In both molten salt mixtures, NiO does not show a characteristic minimum in the
effective range. Additionally, the solubility of SiO2 is rather independent of the
31
s. Sämann [13], p. 23
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Figure 2.7: Measured solubilities of oxides in (a) NaCl-KCl at 1,000 K and (b)
NaCl-KCl-Na2SO4-K2SO4 at 823 K [80].
basicity over a broad range in the chloride-sulfate melt. In both melts, Cr2O3 is
easily dissolved as yellow coloured hexavalent CrO2−4 -ion according to the basic
fluxing (Eq. (2.43)) [13]. Additionally, Cr2O3 is easily dissolved as chromate in a
basic molten chloride due to the effect of water vapour [81]. In general, chromates
are highly soluble in salt melts [83].
As well in [13] it is mentioned that Cr2O3 is merely dissolved as trivalent Cr
3+
in the NaCl-KCl-Na2SO4-K2SO4 under acidic conditions (-log aO2− ≥ 17) related
to Eq. (2.44). At these conditions, the oxygen activity is high enough by means of
the dissociation of the chloride-sulfate melt (Eq. (2.44)) in order to enable the acidic
fluxing [13].
The presence of chlorides in a sulfate-chloride melt causes pore growth by
means of elements, which are thermodynamically favoured at these conditions.
Subsequently, these elements diffuse outwards via gaseous metallic chlorides through
the melt. Therefore, the alloy became depleted of Al and/or Cr. Hence, the surface
area of the alloy available for the reaction with sulfates has been increased due to
the formation of these pores [39].
As presented in [13], in general, there is no oxygen in pure chloride melts, hence, a
passivation of the material due to a protective oxide layer is prevented. Littlewood et
al. [84, 85]32 demonstrate both thermodynamical and electrochemical examinations
of the corrosion in chloride melts [13].
Corrosion problems beneath molten chlorides have been studied by previous
authors who propose a working model starting with the dissolution of the metal
at the substrate/salt melt interface and the formation of metal chlorides [56, 86].
Spiegel [56] studied the corrosion of 2.25Cr-1Mo-steels beneath the molten KCl-
ZnCl2 mixture in He-5%O2 at 250-400 °C. Here, an outer, porous scale consisting
of ZnFe2O4 proved the thermodynamical stability of ZnFe2O4 formation. Another
possible chlorine source is the oxidation of ZnCl2 at the salt melt/gas phase interface
releasing chlorine. Thermodynamic calculations show that if p(Cl2) is high enough,
then the oxide-formation of KCl into K2O will be prevented [86]. The reaction
between metal oxide, chloride and the gas phase provides the necessary chlorine
32
s. Sämann [13], p. 25
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activity. Potassium chloride is known for its high solubility of Fe and Cr under
oxidising conditions [87]. The dissolution of metal-chlorides in the molten salt
occurs by reaction of the metal components with the dissolved chlorine [88, 89],
as exemplified for iron:
Fe+Cl2(diss.)
 FeCl2(diss.). (2.55)
Also a fluxing mechanism can be suggested, where Fe2O3 will be dissolved at the
metal/melt interface at low oxygen partial pressures according to the half-reaction:
Fe2O3(s)+4Cl
−+2e− 
 2FeCl2(diss.)+3O
2−. (2.56)
By outwards diffusion along the concentration gradient, the metal-chloride is
oxidised at the melt/gas interface, where a higher p(O2) is established, and forms
non-protective oxide:
2FeCl2(diss.)+1.5O2 
 Fe2O3+2Cl2(diss.,g). (2.57)
According to the ’Deacon Reaction’ (Eq. (2.58)), a dissociation reaction in molten
chlorides as given in Eq. (2.10) can occur if the atmosphere will contain water vapour:
H2O(g)+2Cl
−(diss.)
 2HCl(g)+O2−(diss.). (2.58)
Thus, a high water vapour partial pressure will increase the a(O2−) in the chloride
melt.
The presence of molten salt deposits can lead to high corrosion rates with various
corrosion products as oxides, internal sulfides/sulfates, and/or internal chlorides,
depending on the presence and concentration of salt and gas atmosphere constituents
[90]. Due to the existing water vapour in the combustion environment, the basicity
tends to have low values [81]. A review of appropriate publications in the field of
the electrochemistry of chloride melts is given by Spiegel [91].
2.4.3 Kinetics of ’Hot Corrosion’
The kinetics of ’Hot Corrosion’ is accompanied with an accelerated degradation
of the susceptible alloy. A mixture of alkali chlorides and sulfates generate
’Hot Corrosion’ even at moderate temperatures, increasing the corrosion rate by
20,000 times. The severity of the ’Hot Corrosion’ rate is sensitive to a number of
parameters described below. Oxidising environments containing additional sulfur
and/or chlorine, the rate of attack increases in the order: oxidation < oxidation +
internal sulfidation < oxidation + internal chlorination < ’Hot Corrosion’ (sulfate
salts) < ’Hot Corrosion’ (sulfate + chloride salts) [83]. The typical corrosion
sequence of an alloy coated with a molten deposit is mentioned in sec. 2.4.
2.4. CORROSION BENEATH MOLTEN SALT: ’HOT CORROSION’ 33
Regarding pure sulfate melts, the weight change per unit area versus time of Ni-Cr-
Al alloys is increased by increasing the amount of Na2SO4. Moreover, the reaction
rate of nickel in Na2SO4 in O2-SO2 at 700 °C is increased with increasing the overall
pressure of the atmosphere [92]. Further investigations of nickel show that the
corrosion rate is increased with an increased oxygen partial pressure. Also the gas
flow rate is affecting the ’Hot Corrosion’ attack shown for a Ni-8%Cr-6%Ni-6%Mo
alloy in static air compared to a flow rate of 31 cm/s at 1,000 °C [39].
For pure chloride melts, Spiegel and Ruh [7, 86, 93] studied the kinetics of pure
metals, i.e. Fe, Cr, and Ni, as well as model alloys and commercial materials beneath
KCl-ZnCl2 at 320 °C. Concerning the pure metals, the corrosion strongly depends
on the amount of the chloride deposit and the gas composition. Both increasing
the p(O2) and the amount of KCl-ZnCl2 lead to an increased degradation of Fe
in an Ar-O2 atmosphere. The reaction rate rises with an increased oxygen partial
pressure and consequently, the initial stage is reduced. Simultaneously, the mass
gain is increased with a higher amount of salt deposit. The initial stage is extended
at an advanced amount of chloride melt at constant p(O2). Low concentrations of
HCl and O2 in the gas atmosphere lead to an enhanced degradation while a high
vapour pressure is accompanied with a decreased corrosion rate and an abbreviate
initial stage.
Thermodynamic calculations by Ruh et al. [86] showed that iron chloride is
soluble in molten KCl-ZnCl2 near the eutectic compositions, while chromium
chloride and nickel chloride have a very limited solubility in molten KCl-ZnCl2.
Thus the outward diffusion of the NiCl2 and CrCl3 components is more restricted
while FeCl2 diffuses easily to outer parts of the salt melt layer and will be oxidised
there due to higher p(O2). Thus the authors conclude that the solubility of metal
chloride in molten KCl-ZnCl2 leads to a higher diffusion rate resulting in a higher
oxidation rate.
For model alloys (Fe-10%Cr) and commercial materials (Inconel 625 and 625Si),
the corrosion rate strongly depends on its composition. Si shows its negative
influence in an increased mass gain by formation of gaseous SiCl4 at the metal/scale
interface and its oxidation at higher p(O2) compared to the nickel-base alloy without
silicon. Fe-10%Cr suffers from the high but limited solubility of chromium and its
high thermodynamic driving forces to form chromium oxide [7].
2.4.4 Equilibrium of sulfates and chlorides
In order to explain the stability of chlorides besides sulfates in deposits, especially
with respect to their local distribution within the deposit/scale/metal system
and their chemical composition, thermodynamic calculations are reported in the
following section, which are based on the concept of Spiegel [89]:
Reaction of solid sulfates/chlorides equilibrium: At a given partial pressure of
oxygen and water vapour, the stability of sulfates with respect to chlorides strongly
depends on the HCl/SO2 ratio and also on the temperature of the gas phase and in
the deposits on the boiler-tubes. Considering the gaseous species O2, H2O, HCl and
SO2 to be typical for waste incineration atmospheres, equilibria between sulfates
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Figure 2.8: Sulfate/chloride equilibria as a function of p(HCl) and p(SO2) at
600 °C. Left: Waste atmosphere (constant p(O2) = 0.08 bar and constant
p(H2O) = 0.15 bar ). Right: Biomass atmosphere (constant p(O2) = 0.05 bar
and constant p(H2O) = 0.22 bar ). Calculated with FactSage [15].
and chlorides are established by the following reactions exemplified for potassium
and zinc sulfate:
K2SO4(s)+2HCl(g)
 2KCl(s)+0.5O2(g)+SO2(g)+H2O(g) (2.59)
ZnSO4(s)+2HCl(g)
 ZnCl2(g)+0.5O2(g)+SO2(g)+H2O(g). (2.60)
In the case of ZnSO4, volatile chlorides will be formed at temperatures of 400 °C and
higher. In Figure 2.8 the equilibria of Eqs. (2.59) and (2.60) are plotted as a function
of p(HCl) and p(SO2) for constant partial pressures of oxygen and vapour concerning
their corresponding incineration atmosphere at 600 °C. From this diagram, it can
be concluded that the partial pressure of SO2 increases with increasing p(HCl).
Calcium sulfate is much more stable with respect to the corresponding chlorides
than the sulfates of sodium, potassium, and zinc. The heavy-metals form less stable
sulfates and are most easily converted to chlorides, i.e. ZnCl2(g).
At lower temperatures, i.e. 320 °C, the reverse reactions of Eqs. (2.59) and (2.60)
are thermodynamically stable and the formation of sulfates occur.
Temperature dependency of the sulfate/chloride equilibrium: Figure 2.9
shows the equilibria of sulfates and chlorides as a function of temperature for
constant p(O2), p(H2O), and p(HCl), which are representative concentrations in
waste incineration and biomass combustion plants.
Compared to the sulfates, chlorides are more stable at higher temperatures.
At a given p(HCl)/p(SO2) ratio, sulfates become more stable with decreasing
temperature. The equilibrium partial pressure of SO2 for conversion of the chloride
to the sulfate is approx. 0.1 vppm, which is exceeded in most plants and, therefore,
CaSO4 is more stable than CaCl2. The alkali sulfates such as Na2SO4 and especially
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K2SO4 are less stable, the equilibrium partial pressures is in the range of approx. 10-
50 vppm SO2, which is not always reached in waste fired boilers. Hence, NaCl and
KCl may be formed at higher temperatures and will be converted to sulfates with
decreasing temperatures of the flue gas. The heavy-metal sulfate ZnSO4 is much
easier converted to chlorides, the equilibrium partial pressure of SO2 necessary for
their stability is in the range of approx. 100-500 vppm at 1,000 °C, which is rather
high for waste incineration plants, and, therefore, gaseous ZnCl2 is supposed to be
stable at higher temperatures and will be converted to sulfates if the flue gas is
cooled down.
Considering the volatile species, Figure 2.10 shows the partial pressure of gaseous
NaCl, KCl, CaCl2, and ZnCl2 in equilibrium with the corresponding sulfates
as a function of temperature for the atmosphere containing 2,000 vppm HCl,
200 vppm SO2, 0.08 bar O2 and 0.15 bar H2O. At any temperature, fixed partial
pressures of volatile species exist in equilibrium, which decrease by decreasing the
temperature. Compared to KCl(g), the partial pressure of ZnCl2(g) is quite high.
Cooling down from higher temperatures shifts equilibrium of reaction (2.60) to
the left and the atmosphere becomes over-saturated with gaseous ZnCl2 leading
to dumping at the condensation temperatures [89].
Reaction of complex sulfates and chlorides: According to the summary of
Sämann [13], complex mixed solid solutions, i.e. Langbeinite (Na,K)2Ca2(SO4)3 or
Palmierite (Na,K)2Pb(SO4)2, are found in fouling of WtE plants besides sulfates
and chlorides. By increasing the HCl concentration in the flue gas, formation of
alkali and heavy-metal chlorides occurs according to the following reactions:
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Figure 2.9: Sulfate/chloride equilibria as a function of temperature. Left: Waste
atmosphere (constant p(O2) = 0.08 bar, constant p(H2O) = 0.15 bar and constant
p(HCl) = 2,000 vppm.). Right: Biomass atmosphere (constant p(O2) = 0.05 bar,
constant p(H2O) = 0.22 bar and constant p(HCl) = 200 vppm.). Calculated with
FactSage [15].
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Figure 2.10: Partial pressure of volatile NaCl, KCl, CaCl2 and ZnCl2 as a function
of temperature for constant p(O2) = 0.08 bar, constant p(H2O) = 0.15 bar, constant
p(HCl) = 2,000 vppm and constant p(SO2) = 200 vppm. Calculated with FactSage
[15].
(Na,K)2Ca2(SO4)3(s)+2HCl(g)
 2(Na,K)Cl(s)+2CaSO4(s)+ (2.61)
0.5O2(g)+SO2(g)+H2O(g)
(Na,K)2Pb2(SO4)3(s)+4HCl(g)
 PbCl2(s)+2(Na,K)Cl(s)+ (2.62)
SO2(g)+2H2O(g).
Regarding reaction (2.61), alkali chlorides form low-melting eutectics at approx.
518 °C combined with sulfates in the deposit [94]33. The volatile species such as
vapour, O2 and SO2 mainly escape in the gas. The molten phase may be reach
the oxide/melt interface and react to complex spinels by releasing chlorine given in
Eq. (2.63):
2(Na,K)Cl(s)+Fe2O3+O2(g)
 (Na,K)2Fe2O4+Cl2(g). (2.63)
In this case, the ’Active Oxidation’ mechanism is enabled at the metal/oxide
interface described in sec. 2.4.2. Most of the chlorine is dissolved in the melt [13].
33
s. Sämann [13], p. 31
Chapter 3
Review
Due to the investigated the binary Fe-Al intermetallics and the modified 9%Cr-steels,
this review is based on the corrosion characteristics of iron aluminides and ferritic-
martensitic steels in thermal plants with the focus on WtE and BtE incineration
plants conditions. The influence on the degradation of metallic alloys are reported
in terms of exposure temperature, gas atmosphere and deposit constituents, quality
and quantity of alloying elements, as well as the growth kinetics of the reaction
product. In most instances, the mechanical and physical properties of the materials
as alloy strength are disregarded.
3.1 Iron aluminides
Already 75 years ago, the good-to-excellent corrosion resistance of iron-aluminium
alloys in single- and multi-oxidant environments at elevated temperatures was
discovered. However, their high-temperature corrosion behaviour over a wide range
of exposure conditions has been systematically studied within the last 20 years.
New high-temperature structural materials based on the Fe-Al system are being
developed for application in process industries and power generation systems [95].
Iron aluminides are intermetallics based on Fe3Al and FeAl with ordered bcc
structure. They stand out due to relatively high specific strength and suitable
mechanical properties. FeAl is less suitable than Fe3Al for structural applications
due to their brittle behaviour results from the higher aluminium content [96]. For
Fe3Al intermetallics, the problem of embrittlement could be minimised by alloying
additions of Cr [97].
Fe-Al intermetallics offer good oxidation resistance, excellent sulfidation
resistance, appropriate chlorination resistance and lower costs compared to other
high-temperature structural materials [96, 98]. They also show superior corrosion
resistance in other hostile environments like carburising atmospheres and a much
improved corrosion resistance under molten salt compared to Fe-Cr alloys [99].
The main advantages of Fe-Al alloys are their lower density (5.4-6.7 g/cm3),
higher specific strength and better strength to weight ratio compared to other high-
temperature alloys such as stainless steels and super-/ODS alloys [96,100].
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Figure 3.1: Comparison of the secondary creep rates of Fe-28Al and P 92 with
several Fe-Al-X alloys. Adopted from [99].
Additions of chromium (only for Fe3Al, 2-5 at.-% Cr) [97, 101], lithium or a
combination of Li and Cer improve the ductility of these intermetallics [102]. At
the same time, the mentioned additions show discontinuous effects on the corrosion
rate under hot corrosion conditions [103].
In former times limited ductility (Fe3Al-based iron aluminides at room
temperature) and decrease in strength (> 600 °C) were the main disadvantages
of iron aluminides [103]. However, refining the microstructure through thermo-
mechanical treatment enhances the low ductility at room temperature. Recent
efforts led to Fe-Al alloys, which have the potential to be used for structural
applications at least up to 650-800 °C. Fe-Al-X alloys or higher-ordered Fe-Al based
alloys show better creep rates compared to P 92 and Fe-28 at.-% Al (Fig. 3.1) [99].
A good overview of the development and improvements of high strength, high
ductility and high creep resistant iron aluminides between 500 °C and 1,000 °C is
given by Morris et al., i.e. Fe3Al [104] and FeAl [105].
In the past two decades, much work has been done to study iron aluminides
in a wide range of corrosion-accelerating single- or multi-oxidant environments.
In particular, their performance in gasification and combustion environments has
been studied with high emphasis. Consequently, iron aluminides have undergone
extensive developments in the recent past for high-temperature applications
concerning their resistance to ’Hot Corrosion’.
Their good oxidation behaviour depends on the formation of in particular
chemically stable Al2O3 surface layer in an oxidising environment [95]. It correlates
with the ability to quickly form and maintain a protective alumina layer [106].
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In binary Fe-Al systems, the concentration of aluminium in Fe3Al-based iron
aluminides has to be well in excess of the critical level (14-19 at.-% Al) to
suppress internal oxidation and promote the formation of an external continuous
protective alumina scale [106,107]. The addition of chromium reduces the critical Al-
concentration (’Third-Element Effect’, see sec. 3.2) while nickel increases it [108,109].
There are different modifications of Al2O3 with different degrees of protection.
In general, the predominant alumina formed above 900-950 °C is the stable α-Al2O3
(Corundum), which is quite protective and slow growing. At lower temperatures,
meta-stable transitional aluminas (γ-, δ-, θ-Al2O3, fcc-close packed oxygen lattice)
nucleate faster (Al3+-diffusion is rather high) and form a more voluminous, porous
and less protective scale [95, 110]. The transitional aluminas can convert to
Corundum with time. Based on Natesan [95], the temperature stability of these
aluminas is ordered in the sequence as follows:
γ-Al2O3
750
◦
C−−−−→ δ-Al2O3 900
◦
C−−−−→ θ-Al2O3
1,000
◦
C−−−−−→ α-Al2O3.
All these Al2O3-modifications have different crystal structures (crystal classes) and
belong to corresponding crystal families, crystal and lattice systems. Corundum
(α-Al2O3) is the stable alumina modification with a rhombohedral lattice system
(trigonal crystal system, hexagonal crystal family) [111]. The lattice systems (in this
case also = crystal system = crystal family) of the meta-stable alumina are cubic
(γ [112], η [113], σ [114]), hexagonal (κ’ [115]), tetragonal (δ [116]), orthorhombic
(δ’ [117], κ [118]), and monoclinic (α’ [119], θ [120]).
Phase transformation of Al2O3 was studied in dry He-O2 between 700 °C and
1,400 °C. Grabke [121] reported that α-Al2O3 will nucleate and grow directly on the
alloy in oxidising environments on FeAl surfaces even below 1,000 °C [121].
The morphology of iron aluminides exhibits for meta-stable alumina scales high
defect concentrations. Void formation occurs at the metal-oxide interface of θ-
Al2O3 resulting in a scale spallation [107]. At lower temperatures, the θ-Al2O3
structure consists of whiskers and nodules while at higher temperatures they are
less apparent [107, 122]. Transformation of the transitional phases to stable α-
Al2O3 results in a ridged morphology [122,123]. The oxidation of Fe3Al-based iron
aluminides at 1,225 K and 1,330 K reveals the presence of α-Al2O3 ridges under the
spalled outer α-Al2O3 scale [122].
The risk of spallation is enhanced at lower temperatures on account of the
presence of transitional alumina (γ-, δ-, θ-Al2O3) [122]. In order to optimise the
scale adherence, Fe-Al alloys contain minor additions (only tenth part of wt.-%) of
reactive elements (RE) such as rare earth (e.g. Y, La, Ce) and/or Zr and Hf [124].
The main effects of RE are the enhanced nucleation of Al2O3, change in α-Al2O3
growth mechanism to suppress spalling and improvement of the segregation of sulfur
and the formation of stable sulfides/oxysulfides at the scale-alloy interface [121].
The mentioned elements have a higher chemical affinity to oxygen compared to
chromium and to some extend to aluminium [21]. Natesan [95] argues that due
to the decreased mobility of these additives at lower temperatures, the beneficial
effect of better adhesion is less significant [95]. In contrast, the enhanced bonding
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of alumina layer due to reactive elements, i.e. Y, is not readily perceived regarding
the low concentration of RE [121].
Nevertheless, while α-Al2O3 is normally considered to form protective alumina,
the transitional aluminas do also provide corrosion protection against various mixed-
gas environments at lower temperatures [106].
Tortorelli et al. [106] reported that the corrosion behaviour of iron aluminides
in various high-temperature aggressive environments depends on a number of
effects as development, adhesion and long-term usage of protective alumina. Also
the thermodynamic stability, the kinetic growth of the reaction product and its
morphology are essential parameters [106]. In addition, the specific composition and
the microstructure as well as the alloy strength of iron aluminides are of interest [96].
In order to extend the durability of iron aluminides, there are some important
factors to control the development and scale adherence of protective Al2O3. The
nature of scale and interfacial defects is appropriate to alloying elements, e.g. Cr,
Ni and/or RE, and microstructures to promote alumina growth, more precisely
α-Al2O3. Another criterion is controlling the alloy strength reduced by alloying
elements [106].
Generally, the critical factors affecting the high-temperature corrosion
performance of iron aluminides are air/oxygen, sulfur-, carbon- and chlorine-bearing
gases and molten salts and condensed deposits, respectively.
Oxygen-/air-bearing gases
Considering the corrosion performance in oxidising environments, there are two
contrary oxidation mechanisms, whereby either aluminium or oxygen may be mobile.
While on the one hand the outward diffusion of Al is preferred, otherwise the rate for
oxygen is determined by its inward grain-boundary diffusion [122]. Nevertheless, in
oxidising atmospheres the only thermodynamically stable solid oxide for Fe3Al- and
FeAl-based aluminides is Al2O3. Compared to iron-based alloys or alloys without
aluminium, iron aluminides show lower corrosion rate at comparable temperature
ranges. Iron aluminides do not show significant advantages at temperatures above
900 °C with regard to high-temperature oxidation rates of iron- or nickel-based
alumina formers. Fe3Al alloys containing 2-5 at.-% Cr and various minor additions
of RE are particularly suitable in oxidising environments up to 800 °C and 1,100 °C
regarding their long-term oxidation behaviour [106]. This is in accordance with the
corrosion performance of FeCrAlY and NiAl alloys exposed in similar temperatures
[101,125,126].
Several iron aluminides and 310 stainless steel were exposed in air atmosphere
at 650 °C and 1,000 °C. The corrosion rates of iron aluminides were lower compared
to chromia-forming alloys (Type 310) comprising high levels of Cr [95]. For FeAl
alloys, the formation of cavities beneath the Al2O3 scale is the consequence of
the Al consumption (Al depletion beneath the scale leads to a gradient of Al
concentration and their subsequent outward diffusion) and inward diffusion of Fe.
The cavity formation is enhanced by the presence of sulfur, however, the absence
of sulfur and the presence of RE are inappropriate to suppress cavity and void
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formation [121, 127]. Although the corrosion rates of Fe-Al alloys are low, alumina
scales undergo breakaway oxidation (more common in multi-oxidant environments).
Particularly below 800 °C, iron diffuses outwards forming iron oxide, which leads to
spallation. Another aspect is the mechanical instability, i.e. cracking, spallation and
delamination, of alumina scales. These failures lead to thermal expansion mismatch,
stress generation during oxide growth and impurity segregation at the alloy/scale
interface, especially under thermal-cycle conditions [95]. In conclusion, the loss of
corrosion resistance depends on the level of failures in the alumina scale.
Generally, Li at al. [128] argue that the corrosion resistance of Fe-Al alloys
can be substantially improved only when the Al-content is higher than a critical
concentration, which corresponds to the value required for the transition from
internal oxidation to external-oxide formation of the most-reactive component Al
in a purely oxidizing environment [128].
The corrosion of iron aluminides in incineration atmospheres is similar to
air/oxygen environments [high p(O2), low p(S2)] [106].
Sulfur-bearing gases
Tortorelli et al. [106] argue that the high temperature reaction of iron aluminides
in sulfur-bearing environments depends on the nature of sulfur species and the
partial pressure of oxygen in the particular environment [106]. Early studies reported
by Strafford et al. [129] show that Fe-5 wt.-% Al alloys exposed in pure sulfur vapour
environment (S2) at 500-700 °C have a decrease in sulfidation rate by a factor of
approx. 10 times relative to pure iron at same conditions. The applicable sulfidation
resistance is associated with the formation of an inner Al2S3 layer. The author
extended the experiment at higher temperatures, i.e. 800-1,000 °C, and increased
aluminium content up to 20 wt.-% but otherwise same conditions. The higher
additions of aluminium were not effective in promoting resistance toward corrosion in
sulfur-containing atmospheres at elevated temperatures [129]. If the sulfur pressure
excess 133 Pa, the sulfidation rates increase with time at temperatures above
800 °C [130].
Lang et al. [131] studied the sulfidation behaviour for Fe-40Al and Fe-20Cr-
11Al (at.-%) in a H2-(0.052-9.70) vol.-% H2S gas mixture between 700 °C and
1,000 °C. Below 800 °C, the iron aluminide was not sulfidised in all H2S contents. At
higher temperatures than 900 °C, the Fe-40Al was sulfidised in high H2S containing
atmospheres. For a low concentration of H2S, the iron aluminide exhibited adequate
sulfidation resistance till 1,000 °C. The Fe-20Cr-11Al was severely attacked in all
environments at all temperature ranges [131]. Similar tests has been carried out in
N2-11.2O2-7.5CO2 with various SO2 contents at 1,273 K [132]. The alloy oxidised
quite fast at the beginning of corrosion forming both θ-Al2O3 and α-Al2O3. It was
suggested that the rapid oxidation appears due to the formation of the meta-stable
θ-alumina and aluminium sulfides. With further oxidation a parabolic rate law is
observed independently of the SO2 content and only α-Al2O3 is found.
In general, sulfur will co-exist with other aggressive gas constituents, e.g. oxygen,
chlorine or hydrogen. Experiments in simulated gasification [low p(O2), high p(S2)]
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or incineration [high p(O2)] environments show uniquely corrosion resistance of iron
aluminides. Under these conditions, the oxygen activity is sufficient to form a
protective alumina phase on Fe3Al and FeAl alloys [106]. DeVan and Tortorelli [108]
studied iron aluminides alloys containing 16-40 at.-% Al and 0-5 at.-% Cr in H2S-H2-
H2O atmosphere [high p(S2)] at 800-1,000 °C. For an optimum sulfidation resistance,
binary iron-aluminium alloys needed an Al-concentration ≥ 18 at.-%. In purely
oxidising atmospheres, additions of 5 at.-% Cr at Fe-16Al reduced the oxidation
rate and, so, internal oxidation was avoided while higher Al-contents (< 40 at.-%)
reduced the corrosion resistance [108].
A long-term study of the sulfidation behaviour of iron aluminides with various
Al and C content in a SO2-O2 environment at 800 °C showed that for a given
Al-concentration and an independent C content the sulfidation performance of the
Fe-Al-C intermetallics shows similar results [133].
In comparison with stainless steels, Fe3Al based iron aluminides with additions
of Cr (2 at.-% and 5 at.-%) have been examined at 605 °C and 800 °C in air and
air-1 vol.-% SO2 for more than 24 hours each. It was shown that in this short
time exposure tests the presence of SO2 in air has a slightly reducing effect on the
kinetics [134].
The corrosion behaviour was studied by Kai et al. [135] for binary iron aluminides
with various Al content (up to 40 at.-%) in a H2-H2S-H2O atmosphere [low p(O2),
high p(S2)] between 700-900 °C. For low Al contents, a duplex scale has been formed
consisting of an outer iron sulfide layer and an inner complex scale of FeAl2S4
and FeS. For intermediate Al concentration, mostly iron sulfides and Al2O3 were
observed, whereas at 700 °C only alumina is found on Fe-40 at.-% Al surfaces. The
formation of Al2O3 increases with increasing Al content [135].
Carbon-bearing gases
Only limited information about the performance of iron aluminides is available
regarding carburisation and Metal Dusting of Fe-Al alloys. FeAl based iron
aluminides show an applicable carburisation resistance at high-temperature
experiments, where alumina is formed acting as a barrier to carbide formation [106].
Strauß et al. [136] showed that Fe3Al alloys were susceptible to metal dusting
in a CO-H2-H2O environment at 650 °C. By additions of 2-4 at.-% Cr to the
intermetallics, the metal loss is significantly decreased.
Recent studies of binary iron aluminium alloys (Fe-15-40 at.-% Al) were
conducted in carburising CO-H2-H2O gas mixtures at 600 °C (aC = 275 and 405),
where ’Metal Dusting’ took place. It was observed that the mass gain kinetics
depends on both CO and Al content. With increasing Al content of the alloys, the
carburisation reaction is slower and metal dusting is set on at later times [137].
’Metal Dusting’ experiments with Fe-15Al and Fe-15Al-2M-1C alloys (at.-%)
(M = Ti, V, Nb, Ta) were exposed to 650 °C in CO-H2-H2O atmosphere (aC = 28).
The TGA experiment showed that the mass gain kinetics decreases by adding the
alloying M-elements with carbon, whereas titanium and carbon lead to the most
significant decreasing effect [138].
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Chlorine-bearing gases
Despite the significant effect of the presence of chlorine on the oxidation
behaviour and the performance of materials, only a few investigations were carried
out on the corrosion behaviour of iron aluminides in chlorine-bearing environments.
Li et al. [128] found that in comparison with the attack in an oxidizing
environment, Fe-Al alloys sustain an accelerated corrosion when KCl is present. The
corrosion attack is characterised by both the rapid growth of the surface layer and the
enhanced internal diffusion of oxygen especially in low Al-content alloys. Generally,
the corrosion resistance of Fe-Al alloys can be substantially improved only when
the Al-content is higher than a critical concentration, which corresponds most likely
to the value required for the transition from internal oxidation to external-oxide
formation of the most-reactive component Al in a purely oxidizing environment.
Normally, the selective external oxidation of the more-reactive element depends
mainly on its content, alloy composition and microstructure, reaction temperature
as well as the environmental conditions. For the cast Fe-Al binary alloy, a critical
concentration of about 16-19 at.-% Al is usually needed in order to suppress internal
oxidation and the growth of iron oxides at 800-900 °C, but this value will also increase
at lower temperatures, as observed in our study on Fe-20Al after air oxidation at
650 °C, which forms surface iron-oxide nodules [128].
The high temperature corrosion behaviour of Fe-Cr alloys and iron aluminides
containing 16 at.-% and 28 at.-% Al with up to 5 at.-% Cr were tested in reducing
conditions. The testing conditions were simulated coal gasification environments
(H2-H2S-H2O) containing 1,000 vppm HCl at 450 °C and 550 °C and 3,283 vppm HCl
at 550 °C for durations up to 1,000 hours. Intermetallic alloys containing 28 at.-% Al
and 2-5 at.-% Cr showed adequate resistance to the corrosion attack. The corrosion
resistance was reduced for the lower Cr alloy. For the most aggressive testing
conditions, the intermetallic alloys exhibited superior resistance against corrosion
when compared with Fe-Cr alloy, but rather substantial corrosion of Fe-16Al-5Cr
(at.-%) was noted [139].
Natesan et al. [95] studied the influence of alloying elements in Fe3Al-based iron
aluminides, such as Cr, B, Nb, C, Mo and Zr, in a N2-1 vol.-% HCl environment at
650 °C for 48 hours. They concluded that a critical concentration of Cr (5.5 wt.-%)
may control the corrosion behaviour. Natesan et al. [140] also tested Fe3Al and FeAl
top coatings on type 316 SS substrates exposed in H2-H2S-H2O-HCl atmosphere at
650 °C. The iron aluminides demonstrated their adequate corrosion resistance under
this gas mixture. In combustion gases containing HCl, the corrosion performance
of Fe-Al alloys is improved by additions of 5 at.-% Cr [106]. This is contrary to
the expectations in sulfidation conditions without HCl, where an alloyed chromium
content below 18 at.-% lead to an enhanced mass gain [108].
The high-temperature corrosion of Fe3Al based iron aluminides considering the
corrosion kinetics and products were conducted in Ar-1 vol.-% Cl2 atmosphere
between 750-900 °C for 10 hours. The proposed corrosion mechanism is divided
into two different stages, both characterised by a linear rate law. The rate of
weight loss depends on the temperature. During the first stage, a local chlorine
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attack via ’Active Oxidation’ and outwards diffusion of volatile aluminium chlorides
is observed. Due to the formation of a dense alumina layer (re-passivation), the
corrosion rate is relatively slow. In the second stage, the depletion of Al at the
metal/scale interface leads to the evaporation of iron chlorides and a subsequent
higher corrosion rate. Due to the ’Active Oxidation’, a non-protective porous
aluminium oxide was formed [141].
Comparable to the latter described experiment, high-temperature corrosion tests
were studied by Cho et al. [142] with Y-doped Fe3Al based iron aluminides in a
gas mixture containing chlorine at 700 °C and 800 °C. Also the two characteristic
corrosion stages were observed similar to those mentioned above. However, Y-doped
iron aluminides exhibit a much better corrosion resistance and better adhesion to
the bulk material.
However, the addition of chromium in binary Fe-Al alloys reduces the level
of Al content needed to form a protective Al2O3 layer in oxidising atmospheres.
Nevertheless, the threshold concentration of Al required to achieve optimum
resistance against ’Active Oxidation’ has to increase further.
Molten salts
In general, the hot corrosion rate of iron aluminides is an order of magnitude
higher than in oxidation or oxidation-sulfidation atmospheres. They are not
particularly resistant to molten sulfates, and the corrosion is increased in SO2-
containing atmospheres [143].
Gesmundo et al. [143] studied the hot corrosion of Fe3Al and FeAl based iron
aluminides covered with Na2SO4 pure or mixed with NaCl or V2O5 in combustion
atmosphere (N2-1 vol.-% O2-0.5 vol.-% SO2) at 600 °C. A significant attack for all
alloys was observed. The scales consists of both Fe and Al, whereas the outer part
is rich in iron oxide, while the inner layer contains mostly Al but also Fe and S.
Regarding the kinetics, the corrosion in Na2SO4 and Na2SO4-NaCl, respectively,
slowed down with time, while corrosion in Na2SO4-V2O5 was more severe and
long-lasting. In conclusion, they found that FeAl alloy showed a better corrosion
resistance than Fe3Al.
Lee et al. [134] examined the molten salt-induced oxidation-sulfidation on iron
aluminides under Na2SO4-Li2SO4 eutectic mixture at otherwise same conditions.
They found that high additions of Cr (5 at.-%) and Al (36 at.-%), as well as
the oxidation-sulfidation mechanism have beneficial effects on the hot corrosion
resistance. The suggested effect of these intermetallics is the higher solubility of
Fe2O3 in molten salts at elevated temperatures with respect to Al2O3. By acidic
dissolution, iron oxide is dissolved faster than Al2O3 and precipitates in the outer
part of the scale even at low partial oxygen pressures. The higher the reaction
temperature, the higher the reaction rate to form oxides. In comparison with iron
aluminides, stainless steels, e.g. AISI 310 SS and AISI 321 SS, also show a similar
corrosion performance.
Gleeson et al. [144] reported the hot corrosion behaviour of chromium-modified
aluminide coatings. The tests were carried out under molten Na2SO4 in O2-
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0.1 vol.-% SO2 gas flow at 900 °C. It was concluded that an optimum corrosion
resistance of chromium-aluminide coatings is linked to a high amount of Cr
distributed adjacent to the metal/scale interface and intermediate regions.
Iron aluminides under molten alkali sulfates are more severely attacked than
covered with solid CaSO4, even Fe3Al alloys had a increased corrosion performance
under such conditions [106].
The high temperature oxidation and ’Hot Corrosion’ behaviour at 1,100-1,330 K
of Fe-25Al (at.-%) coated with Na2SO4 exposed in pure oxygen was studied by
Das et al. [107]. The external scale contains both Fe2O3 and Al2O3 after ’Hot
Corrosion’ experiments at higher temperatures. Pits were observed below the metal-
scale interface containing aluminium sulfides indicating an acidic fluxing mechanism
at the initial stage of ’Hot Corrosion’. In addition, sulfides were identified along the
grain boundaries as well. The ’Hot Corrosion’ process has been explained based
on sulfide formation and its subsequent oxidation. Moreover, massive spallation
problems were observed in particular at thermal-cycling conditions [107].
The effect of Li, Ce and Ni as minor elements on the ’Hot Corrosion’ performance
of FeAl alloys was evaluated in NaVO3 (600-700 °C) and Na2SO4 (900-1,000 °C) for
100 hours in static air [103]. No significant effect was observed by the addition of
the minor elements.
Tsaur et al. [145] studied the effect of NaCl deposit on an aluminide coated
type AISI 310 SS in a cyclic high-temperature static air environment between room
temperature and 850 °C. The hot-dipped 7 wt.-% Al-silicon coating shows much
better corrosion resistance compared to the uncoated stainless steel. However, the
subsequent penetration of molten sodium chloride through voids after 5 cycles causes
the breakdown of the coating, generating a corrosion behaviour similar to uncoated
AISI 310 SS alloy [145].
Li et al. [146] studied the corrosion behaviour of Fe-Al and Ni-Al alloys as well as
P 91 steel in the presence of molten KCl-ZnCl2 at 400-450 °C in air. The materials
suffered from severe attack although the corrosion resistance is significantly improved
with increased Al additions. It was suggested that the enhanced degradation was
due to the preferential removal of Al by a displacement reaction with ZnCl2, where
Zn2+ is the oxidant for the metallic Al. This is different from the corrosion of Al-free
materials (e.g. P 91), where a fluxing mechanism was found to be dominant.
The effect of Al in Fe-15Cr-(0-10)Al (at.-%) alloys was investigated in air beneath
25 mg/cm2 KCl-ZnCl2 at 500 °C [147]. Their corrosion resistance could be improved
by aluminium additions attributed to a higher Al-concentration in the inner region
of the scale, which decreases the migration of the reactants through the porous oxide
layer. However, aluminium is highly soluble beneath a KCl-ZnCl2 melt showing a
rapid dissolution into the melt [148].
Alloying elements
Overall, aluminides based on FeAl exhibit better oxidation and corrosion
resistance than Fe3Al alloys. Their mechanical properties depends on the aluminium
content [101].
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Alloying with Cr and Ti increase the oxidation rate of Fe-Al alloys between 1,225 K
and 1,530 K in oxygen environments exposed for 24 hours, in particular during the
initial stages. Whereas Ti is also observed to improve the scale adherence under
these testing conditions [122].
DeVan et al. [108] reported that adding 5 at.-% Cr to iron aluminides (Fe 28 at.-
% Al) reduces the corrosion resistance in H2S-H2-H2O-Ar mixed gas between 800-
1,000 °C. They concluded that the presence of chromium accelerates the nucleation
and growth of sulfide reaction products at the expense of Al2O3. Also, chromium
additions accelerate the growth of transitional γ-Al2O3 scales on Fe-Al alloys.
Moreover, an appropriate Cr-content is adequate for the room temperature ductility
of Fe3Al [108].
An increased number of studies investigated the behaviour of carbon and the
synergetic effects of C and Al in Fe-Al alloys. It was shown that the hydrogen
embrittlement is lower compared to a single-phase Fe3Al alloy in a dual-phase alloy
(Fe3Al-Fe3AlC). The formation of carbides is essential and beneficial to improve
the mechanical processing, i.e. room-temperature ductility [149–151], whereas
no improvement of the high-temperature creep strength is obtained due to fast
coarsening of the Fe3AlCx precipitates [99]. While increasing the carbon content,
the Al concentration is reduced at the same time leading to an enhanced oxidation
tendency [152].
Kinetics
Both thermodynamics and kinetic factors should be considered in order to
understand these rather complex corrosion processes. A detailed knowledge of
the rate law governing scaling kinetics is required for a reliable prediction of the
component lifetime and materials application limits [124].
In oxidising environments a parabolic rate law is expected. Iron aluminides tested
isothermally in oxygen at 1,225-1,530 K obey parabolic kinetics. This behaviour
is only valid under idealised conditions. The strong deviation from the classical
parabolic rate law is determined by the complexity of the oxidation behaviour [122].
Additionally, Das et al. [107] analysed the weight gain data assuming faster
parabolic kinetics of ’Hot Corrosion’ than for oxidation. The faster ’Hot Corrosion’
rate has been attributed to the formation of sulfides at the metal-scale interface,
where fluxing of alumina results in higher attack rates. The formation of aluminium
sulfides results in non-protective scales and the oxidation of sulfides releases sulfur,
which diffuses inwards to cause further attack [107].
Since Quadakkers et al. [124] proposed a cubic time dependence for Fe-Cr-Al
alloys in oxygen (see 3.2), a similar rate law is found for FeAl intermetallic coatings in
aggressive environments (N2-9 vol.-% O2-0.2 vol.-% HCl-0.08 vol.-% SO2) at 600 °C
as reported by Szczucka et al. [153]. A linear rate law of initial corrosion products
(formation and penetration of molten and gaseous chlorides) followed by a stable,
cubic rate law of protective layers determined by a slow growing, adherent and
continuous lamellar oxide structure of alumina, iron oxides and sulfides [153].
In this study, the Fe-Al model alloys are exposed to complex WtE and BtE
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atmospheres containing oxygen, sulfur, chlorine and carbon dioxide, and covered
with salt deposits, which can melt at certain temperatures.
3.2 Ferritic-martensitic 9-12%Cr-steels
Modified 9-12%Cr-steels could serve as an important candidate for service in
advanced power generation plants at higher temperatures (≤ 650 °C) with many
attractive properties regarding its mechanical and physical behaviours compared to
conventional 9-12%Cr-steels, or even austenitic alloys.
Ferritic-martensitic steels containing 9-12 wt.-% Cr are high strength steels
suitable for the use at elevated temperatures in power generation industries [154].
Due to their good oxidation behaviour these materials are widely used in particular
as power plant components, e.g. superheater tubes or steam pipes as well as turbine
blades [155]. Their advantages over austenitic steels or nickel base alloys are their
favourable physical properties, i.e. higher heat conduction coefficient and a lower
heat expansion coefficient, besides low priced alloying elements [156]. The main lack
of these 9-12%Cr-steels is the decrease in creep resistance at temperatures above
600 °C, where the required creep rupture strength of approx. 200,000 hours is not
achieved any more.
An enhancement of the creep rupture resistance was reached by both balanced
alloying of W, Nb, N, and B and optimisation of alloyed elements as C, Cr, Mo,
V, and Ni [156]. In particular, W substituted for Mo retards the evolution of
microstructure and remarkably improves the high-temperature strength of these
newly developed materials, e.g. P/T 23 and P/T 92, by microstructure stabilisation
of M2X and MX carbonitrides (X: C, N) [157].
Several international projects34 on advanced steam power plants are focused
on improving the ferritic-martensitic alloys’ mechanical strength and creep/fatigue
resistance at temperatures up to 700 °C by means of chemical composition
modification and microstructure control [159].
Thus, there are several research efforts to increase the operating temperatures
of 9-12%Cr-steels to 650 °C and beyond and hence, significantly increase the
energy efficiency. However, above 650 °C their low Cr content is not sufficient
to prevent scaling or premature failure caused by oxidation particularly from the
steam-side [154]. Li et al. [26] argued that the corrosion resistance of Fe-Cr steels
can be improved by either bulk alloying or surface modification due to additions
of favourable protective scale-forming or scale-modifying elements [26] such as
aluminium, silicon and chromium, since their alloying additions to steel materials
usually improve the oxidation resistance in various applications.
34
Japan: EPDC (1981-1993, 1994-2000)
USA: EPRI (1978-1980, 1986-1993)
Europe: COST 501 (1983-1997) and COST 522 (1988-2003) [158]
48 CHAPTER 3. REVIEW
Alloying elements
The corrosion resistance can be increased by coatings rich in Cr, Al or Si [160] by
e.g. pack cementation (PC), chemical vapour deposition (CVD), High Velocity Oxy-
Fuel (HVOF) or plasma/arc spray (AP/AW). Regarding aluminium, the following
critical issues for application have been identified:
(i) loss of Al from the coating into the substrate via diffusion, which limits the
lifetime [161],
(ii) difference in coefficient of thermal expansion between iron aluminide coatings
and ferritic or austenitic substrate alloys, which can cause mechanical damage
to the coating [162,163],
(iii) degradation of the mechanical properties of the substrate material, in
particular, their creep behaviour after coating [160,164].
Concerning the present work, another approach is to develop efficient modification
of alloying additions, i.e. Cr, Ni, Al, and Si, to steel materials to achieve a beneficial
effect on the oxidation resistance. Several studies have been reported according
to the degradation of modified steels exposed under MSW incineration or biomass
combustion plant conditions [50,82,128,146,165–168].
The long-term oxidation kinetics of P 92 steel coated with Al by pack cementation
process were investigated at 650 °C in both 100 % steam and in air for 7,000 hours
[154]. While the scale on P 92 bulk material formed by oxidation is largely magnetite
(Fe3O4) in steam and haematite (Fe2O3) in air, the oxide formed on the coated
material is Al2O3 for both atmospheres providing a good oxidation resistance.
Huntz et al. [169] studied the effect of silicon (0.5-4.0 wt.-%) on the oxidation
resistance of Si-modified 9%Cr-steels at 600 °C and 900 °C in pure oxygen. They
concluded that additions of about 3 wt.-% increase the oxidation resistance by a
selective formation of a chromia film, which preferentially grows on the surface. In
addition, Li et al. [26] found that a continuous thin inner layer of silica has been
formed beneath chromia acting as an effective diffusion barrier to suppress the rapid
growth of iron oxide [26]. Similar results were observed on Fe-Cr-Ni austenitic steels
by [170]. In general, a limited high amount of silicon considerably decreases the
oxidation rate by developing a Cr2O3 scale.
Conversely, in FeCrAl with additions of Si, silicon promotes alumina growth
instead of Cr2O3 and enhances the oxidation under thermal-cycling conditions in
conjunction with Yttrium [21]. Quadakkers et al. [124] provide a sub-parabolic,
near-cubic time dependence for alumina growth of Fe-Cr-Al alloys in oxygen at
temperatures in the range of 1,000 °C to 1,300 °C [124].
However, the aggressiveness of the major corrosive species of oxygen, chlorine
and potassium chlorides has been recently investigated by Li et al. [128, 146, 167]
on pure Cr, specific model alloys and intermetallics. As former results demonstrate,
chromia-forming alloys show an unexpected inverse corrosion behaviour with higher
Cr content [171], while Tortorelli et al. and Li et al. [88,106] argued that Al and Si
alloying seems to form more effective barriers than chromia to prevent the inward
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penetration of aggressive components [88, 106]. Comparing both latter alloying
elements, Li et al. [167] concluded that Si seems to be more effective than Al in
improving the corrosion resistance of modified P 91 steel against KCl attack by
retarding the rapid migration of the reactants [167]. Li et al. [172] studied the high
temperature reactions between pure Cr and KCl at 650 °C. They suggested that the
high corrosion rate of Cr is mainly caused by the formation of liquid potassium di-
chromate and not by reaction with solid K2CrO4 [172] whose formation is described
in Eq. (2.35).
As a summary, on Fe-Cr alloys Si can promote the formation of Cr2O3 scale
formed in oxidising environments, however, loses its protection due to the conversion
of chromia to potassium chromate on encountering KCl or Cl2 (Eq. (2.35)), whereas
on FeCrAl alloys an alumina film will establish provided by silicon, which is rather
protective [21].
Nevertheless, the Si and Al content is limited to 2.5 wt.-% and 5.5 wt.-%,
respectively, considering their detrimental effect on the metallurgical and mechanical
properties, e.g. the BDTT is shifted to higher temperatures [21].
Li et al. [128] argued that a critical content of the alloy component is needed
in order to form and maintain the dense oxide film by selective oxidation. The
selective external oxidation of the more-reactive element depends on many factors
besides its concentration in the substrate, which are in particular alloy composition
and microstructure, reaction temperature as well as the environmental conditions as
mentioned in [169,173,174] [128]. Generally, a minimum content of at least 10 wt.-
% Cr is required to establish a protective Cr2O3 (or spinel) for Fe-Cr alloys. In
ternary alloys, i.e. M-Cr-Al, a chromium content of ≤ 10 wt.-% Cr and between 3-
5 wt.-% Al will promote a Cr2O3 layer [21]. Therefore, the Cr content of the present
modified 9%Cr-steels is almost insufficient to obtain a single chromium oxide layer,
but a double-layered oxide structure consisting of an external layer of iron oxide
and inner layers of solid oxide solutions of both Ma2O3 (M
a: Cr, Al, Si) and Mb-rich
spinels (Mb: Fe, Ni).
Synergistic effects of Cr and Al are well described in literature, e.g. Stott et
al. [175] in particular, also Birks et al. [39], where chromium is described as the third
element in Fe-Cr-Al alloys acting as a secondary getter of oxygen and decreasing
the inwards flux of oxygen. In general, this effect is referred to as ’Third-Element
Effect’ in ternary A-B-C alloys, where A is the most-noble and C the most-reactive
component [176]. It is known that additions of element B, i.e. Cr, to an A-B-C alloy
reduce the critical C-concentration, i.e. Al, to establish the external scale formation
of the C-oxide in pure oxygen at 1,000 °C [177].
In this case, Stott et al. [175] described that the function of the third element is to
ensure and to enable diffusion of aluminium to the scale-metal interface subsequently
promoting the growth of a continuous alumina. To be protective, surface layer
should contain sufficient aluminium plus the third element, i.e. Cr, to avoid internal
oxidation and/or transition to an external scale. Moreover, the third element, i.e.
Cr, is reported to influence the activity of aluminium, the solubility and diffusivity
of oxygen, the microstructure and to promote the transformation of meta-stable
alumina, e.g. (γ, θ)-Al2O3, to Corundum [175]. In order to form an outer alumina
layer not less than 5 wt.-% Al together with at least 10 wt.-% Cr are needed in a
50 CHAPTER 3. REVIEW
ternary M-Cr-Al alloy [21].
A series of examinations of the internal oxidation process and the transition
from internal to external oxidation of the one or two, respectively, most-reactive
components in ternary alloys under different partial pressures of the oxidant are
reported by Gesmundo [176, 178–180] and Niu [181–184]. As a common process
in the high-temperature corrosion of ternary alloys containing relatively small
concentrations of one or more reactive elements in solution in a more noble matrix,
the corrosion behaviour depends strongly on the partial pressure of the oxidant.
Gesmundo et al. [176] found that at low oxidant pressures, the internal oxidation
depends on the C-content but is also affected by the bulk alloy composition of the
two noble components and their effect on the solubility and diffusivity of the oxidant
in the region of internal oxidation [176]. Whereas under intermediate pressures, the
possibility of existence of the ’Third-Element Effect’ is suggested to avoid external
oxidation of the most-noble component A by transition from internal to external
oxidation of the most-reactive component C [183].
In a recent study the corrosion behaviour of Fe-xCr-10Al alloys (x: 0-20 at.-%)
was investigated in a mixed O2/Cl2/S2 reducing atmosphere at 600 °C [185]. Lu
et al. [185] found that all alloys formed duplex scales of an outermost iron oxide
and an inner layer composed of oxide mixtures with an additional region of internal
attack of Al and Al + Cr, whose depth decrease with increasing Cr content. The
simultaneous presence of chlorine (’Active Oxidation’) and sulfur in the gas mixture
accelerated the corrosion in particular for the high Cr alloys due to their inability
to form external protective scales [185]. At lower temperatures (< 800 °C), oxide
solid solutions are tend to form rather than pure oxides [186]. Both, oxides of the
corundum system (α-Fe2O3, Escolaite (Cr2O3), α-Al2O3) and spinel type oxides,
form oxide solid solutions.
Molten salts
In an examination of ’Hot Corrosion’ behaviour of NaCl-coated stainless steels,
Shinata et al. [171] found that chromium was always oxidised selectively and formed
non-protective scales through a phase transformation from protective chromia to
sodium chromate leading to an enhanced mass loss with increasing the Cr content
due to low melting eutectic system NaCl-Na2CrO4. However, ferritic steels were
usually more severely attacked than austenitic phases by means of its higher Cr
content.
Fe-10%Cr alloys suffer an accelerated corrosion in Ar-8 vol.-% O2-(1,000-
2,000) vppm HCl beneath the chloride melt at 320 °C [7]. The author concludes
that volatile chromium chlorides are converted at lower p(O2) to their corresponding
oxide releasing chlorine, which advances the formation of FeCl2 and its higher
solubility in a KCl-ZnCl2 eutectic. The harmful effect of Cr on the corrosion of
Fe-based alloys in pure oxygen between 350 °C and 450 °C has been discussed
by Li [167]. Pure Cr corroded quite rapidly under this melt in 1 atm of O2 at
450 °C [167], while in Ar-(0-16)vol.-%O2 at 320 °C the corrosion process is retarded
and marginally enhanced by increased p(O2) [86] but considerably enhanced with
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additions of 1,000 vppm HCl [7].
Ni as a more noble element is reported to improve the corrosion resistance
significantly due to its relative inertness against HCl containing gas mixture (’Active
Oxidation’) [49] or chloride melt-induced ’Hot Corrosion’ [167]. Chlorine induced
corrosion will not severely attack Ni since the Gibbs free energy for nickel chloride
formation is quite positive compared to other metal chlorides. Ni could improve the
corrosion resistance by means of its noble behaviour beneath KCl-ZnCl2 regarding
the relatively high Gibbs free energies of both NiCl2 and NiO [7,86,167]. This leaves
a less attacked and therefore protective nickel oxide layer. In contrast, nickel oxide
is highly soluble by acidic fluxing in conditions containing heavy metal sulfate melts
and SO2 and forms NiSO4 (low melting eutectic mixtures with Na2SO4) while NiO
is not so susceptible by basic dissolution by forming nickel sulfides [65]. However,
alloys on the basis Fe-Cr-Si proved to be rather resistant, and the alloying elements
Ni and Mo clearly retard the attack in an oxidising and chloridising environment [24].
Water vapour-bearing gases
However, Opila [187] argued that in atmospheres containing water vapour,
reactions, which lead to formation of volatile hydroxide species, are removing the
surface oxide. Thus, the protective capability of the oxide scale is decreased. In
particular, alumina scales are not as severely affected by the presence of water
vapour as chromia and silica [187]. Additionally, higher temperatures will increase
the H2O-accelerated volatility of chromia and silica scales since water vapour has
a higher solubility in amorphous silica compared to oxygen [188]. Therefore, the
slow growth of the more stable aluminium oxide and its thermodynamical stability
in the presence of steam are essential and superior to alloys that form chromia- or
silica-rich scales.
Moreover, humidity increases the spallation rate of alumina scales in FeCrAl
alloys (e.g. Kanthal AF) [189]. Buscail et al. [190] reported that water vapour
results in higher concentrations of Cr and Fe in the oxide scale during the initial
stage at 1,000 °C.
The scope of the presented study includes the effect of Al-, Si- and Ni-
additions on the corrosion behaviour of several Fe-based 9%Cr alloys, i.e.
Fe-9Cr-5Al, Fe-9Cr-2.5Al-2.5Si and Fe-9Cr-5Ni-2.5Al-2.5Si, exposed to complex
WtE and BtE conditions including (molten) salt deposits and water vapour in the
gas atmosphere.
Chapter 4
Sample Materials and
Experimental Procedure
4.1 Chemical composition of materials
Commercial steels/Nickel base alloy: The chemical composition of the analysed
commercial steels and the nickel base alloy are depicted in Table 4.1. The portfolio
of materials is ordered by the increasing Cr-content starting with the low alloyed
heat-resisting ferritic steel 15Mo3. Three ferritic-bainitic Cr-steels (1-2.25 % Cr,
1 % Mo) were examined and the corrosion influence of tungsten was investigated
comparing T 22 and T 23. Moreover, the degradation of highly heat-resisting ferritic-
martensitic 9-12%Cr steels, three austenitic high chromium/nickel containing alloys
and the nickel base alloy Inconel 625 were tested.
T 23 and T 92 containing tungsten, vanadium and molybdenum may cause
deposits to become acidic as oxides of these elements are incorporated into the
deposits and enable the alloy-induced acidic fluxing. Moreover, the high Mn content
of Esshete 1250 is assumed to form protective manganese-rich chromium spinel, i.e.
MnCr2O4.
Modified 9%Cr-steels: In this study, the influence of different alloying elements
on the corrosion behaviour of Fe-Cr alloys was investigated (Tab. 4.2). The Fe-9%Cr
alloys are in the ingot-cast microstructure and chosen as base material according to
the ferritic-martensitic 9%Cr-steels. These types of steels are important candidates
for service in advanced power generation plants at higher temperatures (≤ 650 °C).
They are characterised by many attractive properties regarding their mechanical
and physical behaviours compared to conventional 9-12%Cr-steels, or even austenitic
alloys (sec. 3.2).
The modified 9%Cr-steels are alloyed with Ni, Al, and Si to improve the corrosion
resistance. Ni provides an outermost effective protection against chlorine-bearing
high temperature incineration environments with simultaneous consideration at
deposit-induced corrosion. However, the fraction of Ni is limited to avoid the
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Table 4.1: Composition of commercial steels in [wt.−%]. Designation of materials
are specified as symbol (DIN EN 10 027-1), trade name and material number
(DIN EN 10 027-2) [21,191].
Material Cr Ni Mo Mn Other
15Mo3 (T 1) 1.4515 - - 0.30 0.52 C 0.16; Si 0.26
13CrMo4-4 (T 12) 1.7335 0.96 0.07 0.48 0.46 C 0.12; Si 0.21
10CrMo9-10 (T 22) 1.7380 2.10 - 0.92 0.43 C 0.12; Si 0.22
7CrWMoVNb9-6 (T 23) 2.30 - 0.15 0.27
C 0.06; Si 0.15;
V 0.20; W 1.58; Nb 0.06;
B 0.005; N 0.02; Al 0.02
X10CrMoVNb9-1 (P 91) 1.4903 9.10 - 0.95 0.45
C 0.10; Nb 0.08; Si 0.35;
V 0.20; N 0.05
X10CrWMoVNb9-2
(T 92, NF 616)
9.15 0.26 0.50 0.46
C 0.11; W 1.70; Si 0.22;
Nb 0.60; N 0.05; V 0.20;
B 0.003
X20CrMoV12-1 1.4922 10.45 0.70 0.88 0.60 C 0.18; Si 0.22; V 0.26
X10CrNiMoMnNbVB15-10-1
(Esshete 1250) 1.4982
14.90 9.65 0.94 6.25
C 0.084; Si 0.58; Nb 0.86;
V 0.22; B 0.004
X6CrNiNb18-10
(TP 347 H) 1.4550
17.60 10.70 - 1.84 C 0.05; Nb 0.60; Si 0.29
X1NiCrMoCuN31-27-4
(Sanicro 28) 1.4565
27.00 31.00 3.50 ≤ 2.00 C ≤ 0.02; Si ≤ 0.07;
Cu 1.00
NiCr22Mo9Nb
(Inconel 625) 2.4856
22.00 Bal. 9.00 -
C ≤ 0.025; Fe ≤ 3.00;
Nb 3.50
reduction of the annealing point on the heating curve (Ac1) for tempering and
softening [156]. Additions of ≤ 5.5 wt.-% Al are beneficial by enhancing the corrosion
resistance due to Al2O3 formation and by comparatively strong solid-solution
hardening [21]. Silicon is more effective in promoting the corrosion resistance of
heat-resisting Fe-Cr alloys. Silicon assists the formation of an alumina layer instead
of a Cr2O3. The formation of a Si-oxide layer in the inner zone suppresses the
rapid growth of iron oxides. However, the Si-concentration is limited to avoid
the material to become brittle. Accordingly, its restriction is due to the solidus
temperature to become reduced and not to influence the kinetic of other protective
oxide layers [21,88].
Binary iron aluminides: Moreover, the ingot-cast binary iron aluminide alloys
containing 15-40 at.-% Al were tested and compared with those for developmental
Table 4.2: Composition of modified 9%Cr-steels in [wt.−%].
Material Cr Al Si Ni
Fe-9Cr-5Al 9.00 5.00 - -
Fe-9Cr-2.5Al-2.5Si 9.00 2.50 2.50 -
Fe-9Cr-5Ni-2.5Al-2.5Si 9.00 2.50 2.50 5.00
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Table 4.3: Composition and crystal structure of iron aluminides in [wt.−%].
Material [at.−%] Fe Al Intermetallic phase Crystal structure
Fe-15Al Bal. 7.90 α-Fe, Al A2
Fe-26Al Bal. 14.50 Fe3Al D03
Fe-40Al Bal. 24.40 FeAl B2
Fe-Cr alloys. Iron aluminides offer good oxidation, excellent sulfidation, adequate
chlorination resistance and lower costs than many high-temperature structural
materials. They also show superior corrosion resistance in other hostile environments
like carburising atmospheres and a much improved corrosion resistance under molten
salt compared to Fe-Cr alloys (sec. 3.1).
The examined Fe-Al alloys are based on the b.c.c. Bravais lattice: An A2
disordered solid solution (α) on the Fe-rich end of the Fe-Al system, i.e. Fe-15Al, an
ordered Fe3Al (D03) in the vicinity of Fe-26Al, and an ordered B2 crystal structure
in the range of Fe-40Al (Tab. 4.3).
For Fe-26Al, a transition from D03 to B2 ordered structure takes place above
545 °C [99]. Both other intermetallics remain in their crystal structure over the
entire temperature range.
The microstructure is depicted in Figure 4.1 and shows a coarsen microstructure
for the low alloyed Fe-15Al. No differences in the microstructure occur for both high
alloyed iron aluminides, which are more fine-grained.
Fe-15Al Fe-26Al Fe-40Al
700µm 700µm 700µm
Figure 4.1: As-cast (ingot-cast) EBSD-IPF map of the microstructure of the
investigated binary iron aluminides. Fe-15Al reveals a coarse grain size while
the microstructure of both middle and high aluminium alloyed intermetallics is
comparatively finer.
56 CHAPTER 4. SAMPLE MATERIALS AND EXPERIMENTAL PROCEDURE
4.2 Sample preparation
The used materials given in Tables 4.1-4.3 were machined into specimens of size of
9-10 mm × 9-10 mm × 3 mm. Before testing, each sample was ground by 1,000 grit
SiC paper, washed, degreased in acetone, dried and then weighted by an electronic
balance with accuracy of 0.1 mg.
4.3 Exposure experiments
Isothermal laboratory corrosion tests of material specimens were carried out under
conditions representing flue gas and deposit composition in Municipal Solid Waste
(MSW) incineration and biomass combustion environments. Laboratory tests
have been performed by changing test atmospheres, salt deposits and exposure
temperatures for a testing duration of 336 hours for short-term tests. The corrosion
behaviour of the materials was investigated regarding the mass change after the
exposure duration of two weeks. In the case of the reaction kinetics, a discontinuous
method of assessment is used by noting the mass change of the oxidised specimen.
Accordingly, the exposed samples were removed at certain time periods and their
weight was measured. The samples were not pre-oxidised and exposed in a flowing
gas stream at the constant temperature zone of the furnace.
The samples were coated with about 15 mg/cm2 of a salt deposit consisting
of either pure sulfates or chlorides or a mixture of both (Tab. 4.4), distributed
homogeneously on one sample surface in order to simulate a typical deposition
composition of heat exchanger surfaces as mentioned in sec. 1.
Table 4.4: Synthetic deposits for laboratory tests and its composition.
Na2SO4 K2SO4 CaSO4 ZnSO4 KCl ZnCl2
Waste/biomass
superheater
33 wt.-% 33 wt.-% 33 wt.-%
Waste/biomass
superheater
50 wt.-% 50 wt.-%
Waste/biomass
superheater
25 wt.-% 25 wt.-% 25 wt.-% 25 wt.-%
Waste waterwall 50 mol.-% 50 mol.-%
The materials were carried out in an exposure facility consisting of a gas supply
unit for the corrosive atmospheres, a horizontal exposure tube of quartz glass and
a furnace (Fig. 4.2). After mixing the separate gases the total gas flow was set to
9 l/h (2.5 ml/s). A manufactured quartz glass sample holder permitted simultaneous
exposure of up to 24 samples.
Based on PREWIN35 conditions, all specimens were exposed between 320 °C
and 600 °C in gas mixtures of either a waste incineration atmosphere (in vol.-%,
35
European network for waste incineration. Internet: http://www.prewin.com/.
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sample  w/ deposit 
(10 x 10 x 3) mm3N2
O2
Ar-HCl
Ar-SO2/CO2
furnace
exposure tube
w/ sample holder
Figure 4.2: Schematic view of the exposure facility for high temperature exposure
tests in simulated waste incineration and biomass combustion environments.
N2-8%O2-15%H2O-0.2%HCl-0.02%SO2), or a biomass combustion environment (in
vol.-%, N2-5%O2-22%H2O-13%CO2-0.02%HCl) (Tab. 4.5). Pre-mixed gas mixtures
are used regarding N2(5.0)-1,000 vppm SO2(3.8) and Ar(5.0)-10,000 vppm HCl(2.8).
With a micro dosing pump (MMT GmbH, MDSP3f model 246) the gas flow can be
moisturised by liquid water, which gets evaporated at 320 °C in order to achieve the
defined vapour pressures.
At the end of each test all specimens were slowly cooled down to room
temperature and finally taken out of the reaction tube.
The weight of each sample was measured both before and after exposure in
order to calculate the mass difference. Before weighing after the corrosion test, the
scales were pickled with a basic potassium permanganate solution (2.5 M NaOH,
0.2 M KMnO4) for 20 minutes at 80 °C, then followed by an inhibited hydrochloric
acid solution (2 M HCl, 2 g/l Hexamethylenetetramine) for 15 minutes in an
ultrasonic bath. Afterwards, the materials were cleaned with acetone for 5 minutes
in an ultrasonic bath.
Table 4.5: Simulated atmospheres for laboratory exposure tests based on PREWIN
conditions.
HCl SO2 CO2 H2O O2 N2
Waste 2,000 vppm 200 vppm - 15 vol.-% 8 vol.-% Bal.
Biomass 200 vppm - 13 vol.-% 22 vol.-% 5 vol.-% Bal.
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4.4 Methods of investigation
In order to investigate the governing corrosion process, the post-examination were
done on a second set of samples using Scanning Electron Microscopy (FEG-SEM,
Leo Gemini 1550 VP) images with Energy-Dispersive X-Ray Spectroscopy (EDX)
analysis for qualification of elements. Accordingly, electron probe micro-analyzer
(EPMA) is used for the in-situ non-destructive quantitative chemical analysis
of the scales and to resolve complex chemical variation within oxide layers.
Moreover, Grazing-Incidence X-Ray Diffraction (GI-XRD, Bruker AXS D8 Advance
equipped with a Göbel mirror and SolX detector, Cu Kα as X-ray source) and
electron backscatter diffraction (EBSD) were used as the main non-destructive
analytical technique for phase identification of elements. Additionally, Transmission
Electron Microscopy (TEM) was used to provide information about the space group
symmetries in the crystal and the crystal’s orientation.
In order to get metallographic cross-sections, the specimens were embedded into
conductive epoxy-resin. The metallographic specimens were either dry ground (to
avoid metal chloride loss) by 4,000 grit SiC paper for FE-SEM investigations of
the scale morphology, or final-polished to analyse the crystallographic structure by
EBSD.
Chapter 5
Results and Discussion
This chapter is structured by the simulated incineration environments, i.e. waste and
biomass atmosphere, and synthetic salt deposits. A summary of the various exposure
conditions is mentioned in Table 5.1. The first two sections comprehend the results
of lab-scale exposure tests in the waste atmosphere and are subdivided into the
related salt deposits, i.e. KCl-ZnCl2 and Na2SO4-K2SO4-CaSO4-ZnSO4. The last
two sections comprise the results of experiments exposed in the biomass atmosphere
and the concerning KCl-K2SO4 and Na2SO4-K2SO4-CaSO4 salt deposits. Each
section includes the results of the tested commercial steels, modified 9%Cr-steels,
and binary iron aluminides.
Table 5.1: Testing conditions of the investigated materials at different atmospheres,
salt deposits, and temperatures. The tested materials are: a) Commercial steels,
b) Modified 9%Cr-steels, and c) Binary iron aluminides (Tab. 4.1-4.3).
Salt deposit Temperature Materials
Waste atmosphere:
N2-8%O2-15%H2O-0.2%HCl-0.02%SO2
KCl-ZnCl2 320 °C a), b), c)
Na2SO4-K2SO4-
CaSO4-ZnSO4
450 °C a)
600 °C a), b), c)
Biomass atmosphere:
N2-5%O2-22%H2O-13%CO2-0.02%HCl
KCl-K2SO4
500 °C a), b), c)
550 °C a)
600 °C a), b), c)
Na2SO4-K2SO4-CaSO4 600 °C a), b), c)
Additional Figures are shown in Appendix A (p. 141), the thermodynamical stability
diagrams (TSD) are depicted in Appendix B (p. 146).
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5.1 Waste incineration conditions
5.1.1 KCl-ZnCl2
5.1.1.1 Commercial materials
Figure 5.1 shows the mass loss per unit area of the exposed alloys after reaction in
simulated waste incineration atmosphere for 336 hours at 320 °C beneath a molten
KCl-ZnCl2. Selected alloys were exposed in a second experiment to control possible
deviation within single alloys.
Results
The highest material loss is found for low alloyed steels such as 15Mo3. The mass
loss of T 23 is considerably lower compared to other low alloyed Cr-steels. The
martensitic steel X20CrMoV12-1 exhibits the lowest mass loss among the low nickel-
containing alloys. While Sanicro 28 and the nickel base alloy Inconel 625 show
almost no detectable material loss, both TP 347 H and Esshete 1250 steels show a
significantly enhanced mass loss compared to the 12%Cr-steel X20CrMoV12-1.
The cross-section of 15Mo3 shows the typical layered corrosion product of low
alloyed steels after a chlorine attack, where the outer part of the scale appears
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  1. Experiment
  Validation experiment
Figure 5.1: Mass loss results of steels and nickel-based alloys beneath molten
KCl-ZnCl2 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 320 °C.
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200 µm100 µm
Fe2O3
NbC
Fe2O3
Figure 5.2: SEM cross-sections of 15Mo3 (left) and Esshete 1250 (right) beneath
molten KCl-ZnCl2 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at
320 °C.
quite dense while the inner layer is very porous (Fig. 5.2). On top of the outer
hematite layer, a Zn-rich layer of iron and oxygen is found, probably ZnFe2O4,
which is thermodynamically stable at present conditions (Fig. B.13). The outer
Fe2O3 contains also potassium, zinc and chlorine. In the inner porous layer, the
main components are iron, chromium and chlorine with small concentrations of zinc,
manganese and molybdenum. The innermost layer close to the substrate contains
basically metal-chlorides. Regarding T 23, the inner layer comprises additions of
tungsten and traces of vanadium. Close to the interface, additions of sulfur are
detected.
In contrast to the ferritic-bainitic steels, the 9-12%Cr-steels shows a different
morphology of the corrosion product. The layer adjacent to the X20CrMoV12-1
alloy appears compact whereas the outer part shows a coarse-grained scale of mostly
Fe2O3 particles precipitate in the solidified melt. EDX analysed low concentrations
of K, Zn, chlorine, and sulfur. Iron and chlorine are the major components in
the middle of the scale while Cr and chlorine are enriched close to the substrate.
However, the oxide is pervaded by discontinuous dark layers rich in Zn, Cr, and
oxygen, most probably ZnCr2O4. The compositional EDX line-mapping across the
scale shows an outwards increased chromium content in conjunction with Mn, Mo,
Zn, K, and Si. Sulfur is found close to the substrate in a low quantity. A similar
morphology is found for T 92, where tungsten was additionally detected in the inner
layer.
TP 347 H and Esshete 1250 show a significantly increased mass loss as depicted
in Figure 5.1. The scale morphology is similar to those found on low alloyed steels
(Fig. 5.2). However, high concentrations of Mn and chlorine were found throughout
most of the scale and in the salt deposit (Fig. 5.3). On both alloys a relatively high
concentration of Cr and sulfur is found close to the metal/scale interface while the
quantity of nickel is rather low. Furthermore, NbC particles are present in the melt
of Esshete 1250 (Fig. 5.2).
On top of Sanicro 28 and Inconel 625, just molten salt is present and a
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corrosion product is hard to detect. Close to the metal/melt interface, dark
small chlorine-rich inclusions are visible in the matrix. The solidified melt
includes a high concentration of dissolved Fe with additions of Cr and Ni.
However, the melt contains also a high sulfur content, which is increased at
the melt/gas interphase (Fig. A.2). Therefore, it is concluded that a conversion
of chlorides into sulfates occurs according to Eqs. (2.59) and (2.60), which are
thermodynamically stable at present conditions (∆RG320 ◦C = -(125-117) kJ/mol).
Discussion
At present conditions, the predominant corrosion mechanism is the chloride melt-
induced ’Hot Corrosion’ described in sec. 2.4.2 and exemplified for iron in Eqs. (2.55)-
(2.57). The degradation of 15Mo3 (Fig. 5.2) is severely affected by a rapid growth
of a non-protective outer iron-oxide layer since the decomposition of metal chlorides
produces significant growth stresses within the outer scale. Therefore, the alloy is
susceptible for a further transient corrosion by the released chlorine (Eq. (2.57)),
which can diffuse back to the metal/scale/melt interface, and hence, enabling the
’Active Oxidation’. The high solubility of iron at present testing conditions is
depicted in Figure 5.7.
Since the outer scale of low alloyed steels comprises zinc in a high concentration,
a possible reaction is given by Eq. (5.1):
(Fe,Cr)2O3+2ZnCl2(l)+2O2+2HCl+SO2 
 Zn(Fe,Cr)2O4+ (5.1)
ZnSO4+H2O+3Cl2(diss.).
This reaction is thermodynamically stable, however, the possible release of
sulfate is not detected in any corrosion layer of low alloyed steels although
Sánchez-Pastén [192] showed that on low alloyed steels such as 15Mo3 MnS and
FeS can be present when exposed to an identical gas atmosphere but 400 °C and
molten KCl-ZnCl2-PbCl2. Due to its thermodynamical stability, chromium chlorides
are oxidised at low p(O2) (Tab. 2.1), and hence, Cr-oxides are found close to the
substrate. However, the Cr-content is too low to provide an appropriate corrosion
resistance by means of a continuous chromia layer.
Since the external scale of low alloyed steels was rapidly formed by the ’Hot
Corrosion’ mechanism, a conversion of chlorides into sulfates was kinetically hindered
as explained in the following paragraph, and therefore, long diffusion paths due to
a thick scale prevented inner sulfidation.
For 9-12%Cr-alloys, a comparable degradation occurs by forming a voluminous
iron oxide layer as explained for low Cr-steels. However, its rate of formation is
retarded by means of the higher Cr-content and the formation of a continuous
and more protective inner chromia layer. In conjunction with a reduced kinetics,
a conversion of chlorides into sulfates occur, which is assumed to take place at
a progressed corrosion stage. Therefore, an additional fluxing process can occur
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under these circumstances as described in the discussion in sec. 5.1.1.2. Figure 2.10
shows that an equilibrium partial pressure for SO2 of approx. 10
−14 bar is
necessary to convert chlorides to sulfates, which is exceeded at the present conditions
(p(SO2) = 2·10
−04 bar). Hence, K2SO4 and ZnSO4 are thermodynamically more
stable compared to their corresponding chlorides. ZnSO4 can react with Cr2O3
during the scaling process and will form hardly soluble Zn-rich chromate according
to Eq. (5.2):
ZnSO4+Cr2O3 
 ZnCr2O4+SO3. (5.2)
ZnCr2O4 precipitates locally in the outer hematite layer and might have a beneficial
effect on the corrosion resistance of 9-12%Cr-steels as reported by [91].
Another reaction is given in Eq. (5.3), which is also thermodynamically
stable at present temperature and partial pressures of oxygen, chlorine and SO2
(∆RG320 ◦C = -366.5 kJ/mol):
Fe2O3+2KCl(l)+3O2+2HCl+4SO2 
 Fe2(SO4)3+K2SO4+ (5.3)
H2O+2Cl2(diss.).
Since sulfides are formed close to the substrate, SO2 or SO3 (Eq. (5.2)) diffuse
through cracks and pores in the outer porous oxide layer and reach the metal/scale
interface, where the p(O2) is low enough for a stable sulfur activity (Eq. (2.54)).
Subsequently, sulfur reacts with iron and forms iron sulfide according to equation:
Fe+0.5S2 
 FeS. (5.4)
The presence of sulfides prevents the formation of a corrosion resistant scale by
capturing the protective oxide forming elements especially Cr-sulfides (Eq. (2.46)),
and thus, the corrosion on high alloyed steels is increased.
Since tungsten is found in both T 23 and T 92, its effect in a molten chloride-
sulfate is extensively discussed in sec. 5.1.2.1, where similar results occurred for
W-containing alloys. The influence of sulfur on 9%Cr-steels is extensevly discussed
in the following sec. 5.1.1.2.
In general, W and Mo reduce the diffusion rate of Cr in the bulk material [21]
which limits the recovery of a protective oxide layer after the fluxing process.
Table 2.1 shows that the formation of WClx is thermodynamically stable at very
low p(O2) and high p(Cl2). FactSage [15] calculations show that at low p(O2) and
high p(Cl2)/p(SO2), both the formation of solid tungsten sulfide and oxychloride
is thermodynamically favoured (∆RG320 ◦C = -(628-491) kJ/mol) whereas at high
p(O2), the formation of tungsten oxide is preferred. Furthermore, Figure B.16 shows
the formation of Ferberite (FeWO4) and ZnWO4 at high p(O2) and low p(Cl2). Both
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Figure 5.3: SEM micrograph (left) and EDX spectrum (right) of Esshete 1250
beneath molten KCl-ZnCl2 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours
at 320 °C. High concentration of Mn and chlorine in the molten salt deposit.
tungstates could exist as Ferberite or as an iron-zinc-tungstate oxide solid solution
referred to as Sanmartinite [(Fe,Zn)WO4].
In summary, the tungstates may have a protective influence on the corrosion
of T 23 and T 92 at present conditions. Thus, T 23 shows a decreased weight
loss compared to other low alloyed steels, e.g. 10CrMo9-10 (Fig. 5.1). Contrary, if
sulfides are present as in T 92, this can also lead to a scale susceptible for further
oxidation.
Regarding Esshete 1250 and TP 347 H, their corrosion behaviour is similar to the
degradation of low alloyed steels. However, manganese plays a significant role due
to its high concentration found in the scale. It is assumed that Mn is dissolved as
Mn-chloride (Eqs. (2.55)) and oxidised in the scale to Mn-oxides or Mn-sulfates.
According to Table 2.1, the Gibbs free energy of MnCl2-formation is quite negative
compared to other metal chlorides regardless the fact that the values are given for
600 °C since metal chlorides have a more negative Gibbs free energy at 320 °C.
A comparison with the phase diagram of the Fe-Mn-O2-SO2 system (Fig. B.10)
shows that Mn-chloride is thermodynamically stable even at high p(O2) and p(SO2),
before oxides or sulfates are formed. Thus, an enrichment of manganese is found in
the corrosion product of both alloys due to the thermodynamical stability of Mn-
chlorides. Moreover, the low concentration of nickel in the innermost oxide layer can
be explained by means of its high thermodynamic driving force to form Ni-chloride
or -oxide (Tab. 2.1).
Therefore, besides iron, Mn is considered to be highly corrosively susceptible
at present conditions, and neither nickel nor chromium can prevent a significantly
increased degradation of both Esshete 1250 and TP 347 H (Fig. 5.1).
High chromium and nickel containing alloys such as Sanicro 28 and Inconel 625 are
most effective by forming a passivating scale at the present conditions. Although
pure nickel is highly soluble at present conditions as shown in Figure 5.7, in
conjunction with a sufficiently high Cr-content and its low solubility (Fig. 5.7),
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 1. Experiment
 Validation experiment
Figure 5.4: Mass loss results of 9%Cr-steels beneath molten KCl-ZnCl2 in N2-8%O2-
15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 320 °C.
chromia suppresses a severe degradation within the testing conditions.
5.1.1.2 Modified ferritic 9%Cr-steels
Since a detrimental effect of pure chromium or high Cr-containing steels exposed in
oxygen and covered with KCl-ZnCl2 was reported by [86,193], 9%Cr alloys modified
by additions of Al, Si, and Ni were exposed to identical testing conditions compared
to section 5.1.1.1.
Results
In Figure 5.4, the mass loss of modified 9%Cr-steels containing additions of Al and
Al-Si is comparable to TP 347 H (Fig. 5.1) whereas Fe-9Cr-5Ni-2.5Al-2.5Si shows
the lowest weight loss, which is akin to T 92.
After a moderate cool down, the corrosion product is poorly adherent and
detached from the metal surface except for Fe-9Cr-5Ni-2.5Al-2.5Si. In the bulk
material near the metal/scale interface, a depletion of the most reactive elements is
not observed.
Their corrosion characteristics follow a parabolic rate law, where Fe-9Cr-5Al
suffers the highest corrosion rate (Fig. 5.5). The incubation phase is accompanied
with a negative mass change for the first 10 hours, where ZnCl2 evaporates as
reported by [65]. Subsequently, a rapid mass increase is observed for Fe-9Cr-
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Figure 5.5: Time rate of mass change of 9%Cr-steels beneath KCl-ZnCl2 in N2-
8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 320 °C.
5Ni-2.5Al-2.5Si, while it is retarded for both other modified alloys. However,
after 25 hours, the mass gain of Fe-9Cr-5Ni-2.5Al-2.5Si slows down, whereas after
100 hours until the fast scale growth of Fe-9Cr-5Al and Fe-9Cr-2.5Al-2.5Si has
moderated. Afterwards, all modified 9%Cr-steels show steady-state kinetics.
Generally, the modified 9%Cr alloys exhibit an inconsistent scale morphology with
severe layer separation. The innermost layer of Fe-9Cr-5Al appears slightly wavy,
i.e. buckled, and comprises a high concentration of iron (Fig. 5.6). Minor amounts of
Cr and Al were found besides chlorine and traces of potassium and zinc. In contrast,
a dark intermediate layer is highly concentrated in Cr and Al, and high amounts of
chlorine, potassium, Zn, and sulfur were detected, while the iron content is rather
low here. Adjacent to dark layer, a porous and thick hematite layer was developed
at the outer part with occasionally dark impurities enriched in Cr, Fe, Al and Zn
besides chlorine, potassium, and sulfur. On top of the Fe2O3, a layer containing Fe
and Al was found with small amounts of potassium and chlorine (Fig. 5.6).
A XRD measurement of the bottom side of the scale reveals the presence
of α-Fe2O3, Fe3O4, ZnFe2O4 and meta-stable θ-Al2O3. Oxide solid solutions of
(Fe,Cr)2O3 and FeCr2O4 were detected in addition to chlorides in terms of β-ZnCl2,
KCl and FeCl2.
Close to the metal/scale interface of Fe-9Cr-5Ni-2.5Al-2.5Si, the constituents in the
bright and dark areas vary in its concentration. High Fe and Cr amounts were found
in the darker part, whereas much higher concentrations of iron were detected in the
brighter zone. In both layers, Ni and chlorine were major components, whereas
minor amounts of Al, Si and potassium were observed. No zinc is found in the
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Figure 5.6: SEM cross-sections of Fe-9Cr-5Al (left) and Fe-9Cr-5Ni-2.5Al-2.5Si
(right) beneath KCl-ZnCl2 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours
at 320 °C.
innermost area. Towards the dark intermediate part, it is noticed:
(i) Fe concentration is increasing,
(ii) Ni and Cr exhibit lower concentrations outwards,
(iii) concentrations of Al, Si, potassium and chlorine stay rather constant.
The intermediate dark layer consists mostly of Al and Si besides high amounts of
sulfur and Ni as well as the salt constituents whereas minor amounts of iron and
chromium were found. Above the dark layer, the bright precipitates are enriched in
iron, i.e. Fe2O3, with additions of Ni and Cr. The outer part is quite porous with
grain sized precipitates rich in Fe, Cr, and Ni.
XRD investigations depict that the main oxides are spinels such as oxide mixtures
of Fe(Fe,Cr,Al)2O4 as well as Fayalite (Fe2SiO4). Fayalite is thermodynamically
stable at quite low oxygen and chlorine activities (Fig. B.13), however, Fayalite
is much less protective compared to α-SiO2 [170]. Moreover, NiO is chemically
bonded as Ni-rich spinels of Ni(Fe,Cr,Al)2O4, which are thermodynamically stable
over a wide range according to decreasing p(O2) and p(Cl2) (Fig. B.14). For nickel
chromite (NiCr2O4) and for the K2NiO4-type structure, the relevant thermodynamic
information are not available.
In contrast, the composition of Fe-9Cr-2.5Al-2.5Si is inhomogeneous and exhibits
a disordered oxide morphology. Alternate iron-enriched bright precipitates occur
besides dark areas containing mostly Cr, Fe, chlorine, Al, Si and sulfur. At the
metal/scale interface, a fine grained structure was found highly concentrated in
chlorine with additions of Fe and Cr. The most reactive elements, i.e. Al and Si,
are distributed in a minor concentration adjacent to the substrate with increasing
contents outwards.
In general, XRD has not detect sulfides on any 9%Cr-steel, which are otherwise
thermodynamically stable at rather low p(O2) as depicted in Figures B.9-B.11.
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Figure 5.7: Certain pure metals in the water soluble parts of the scale corresponding
to their amounts of chlorides after different time periods exposed beneath KCl-ZnCl2
in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 100 hours at 320 °C. The lines reflect
trendlines.
Solubility of pure metals
Since pure metals show varying solubility characteristics, an additional test was
carried out at present conditions to investigate the solubility of pure metal as
their chlorides in the water soluble part in order to distinguish how they affect
the corrosion of a material composition (Fig. 5.7). Wet chemistry analysis show
that Cr and in particular Si exhibit a low dissolution, whereas Fe and Ni show the
highest solubility. Within the testing period, the concentration of nickel and silicon
chloride is rather constant. Contrary, Al exhibits a high solubility as AlCl3 at the
beginning, however, after 30 hours , its concentration is significantly decreased. The
concentration of iron and chromium chloride differs with time.
The solubility of pure elements is discussed in terms of a pure chloride melt and
with shift at a later time of a conversion into a chloride-sulfate mixture due to the
detected sulfur.
Figure 5.7 shows that the solubility of pure chromium as Cr6+ is quite low which
is related to a non-existing basic melt. Instead, a strong green colour occurred
indicating the presence of the trivalent CrCl3 [20] which can be formed either
according to Eq. (2.55) in a pure chloride melt or under acidic conditions related
to Eq. (2.44) in a chloride-sulfate melt as described in sec. 2.4.2. However, the
magnitude of chromia-dissolution in an acidic chloride-sulfate melt is rather low
(Fig. 2.7b), and therefore, stays in lower quantity compared to nickel.
The dissolution of Al occurs in the same manner. However, highly dissolved
AlCl3 is thermodynamically less stable compared to chromium and forms Al2O3 at
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low activities of dissolved oxygen (Tab. 2.1). After conversion into a chloride-sulfate
melt, the solubility of alumina is comparably reduced regarding chromium.
A high dissolution is observed for pure nickel. However, NiCl2 is
thermodynamically more stable than NiO (Tab. 2.1), and hence, the oxidation of
nickel chloride to oxide is prevented. Additionally, at present acidic melt conditions,
formed NiO is preferably dissolved as shown in Figure 2.7 according to Eq. (2.42).
In contrast, Si or SiO2 is scarcely dissolved as SiCl4 or SiO
−
2 concerning
Figures 5.7 and 2.7b. The thermodynamic driving forces to form protective SiO2
are quite negative compared to SiCl4 (Tab. 2.1).
As shown in Figure 5.7, iron is highly soluble as iron chloride according to
Eq. (2.55). Previous thermodynamic investigations of the solubility of FeCl2 in
molten KCl-ZnCl2 at 320 °C reveal a dissolution of iron chloride about 10-15 mol.-
% [7]. Referring to NiO, iron oxide is highly soluble at acidic melt conditions and
dissolves by acidic fluxing according to Eq. (2.40).
Discussion
Since a melt was established on the specimens, the corrosion attack is discussed in
terms of ’Hot Corrosion’ as the predominant corrosion mechanism. It is characterised
by a rapid scale growth in a pure chloride melt by means of an accelerated corrosion
rate (Fig. 5.5). With time, a conversion of chlorides into sulfates occurred and the
melt changed to a chloride-sulfate mixture, which is indicated by the sulfur in the
dark layers of both alloys (Fig. 5.6).
At the beginning, predominantly iron will be dissolved by the chlorine-induced
’Hot Corrosion’ and forms an external hematite layer as described in sec. 5.1.1.1 for
low alloyed steels. Also nickel and aluminium are highly soluble by forming chlorides
as mentioned above, and hence, their chlorides diffuse outwards through the melt
and form the dark layer on both Fe-9Cr-5Al and Fe-9Cr-5Ni-2.5Al-2.5Si as shown
in Figure 5.6. While aluminium chlorides become oxidised at low oxygen activities,
NiCl2 is thermodynamically rather stable (Tab. 2.1), and hence, can be found even
in the outer scale.
Since an acidic melt basicity is established, the formed oxides of iron, nickel
and chromium will subsequently selectively dissolve by an acidic fluxing (Fig. 2.7)
increasing the a(O2−) in the melt and showing the locally pit-shaped structure (dark
layer). Consequently, the formerly acidic melt at the metal/oxide/melt interface is
shifted to a more basic one where also previous formed Si-oxide can be dissolved by
basic fluxing. Therefore, the 9%Cr-steels undergoes a more large-area dissolution
indicating a basic fluxing and promoted by the zinc content [53] and the presence of
water vapour (Eq. (2.58)) [81]. Since during the initial fluxing mostly the alloy
additions of Al and Ni were highly dissolved, their amount will be temporary
depleted at the metal/scale interface. Thus, the following basic fluxing formed the
innermost scale comprising mostly oxides of iron as the main alloy component and
chromium due to its low solubility in the initial melt basicity.
However, the basic fluxing is not self-sustaining, and hence, the melt is consumed
and converted to a solid oxide after 18 hours. As a direct consequence, the corrosion
will be significantly affected by the atmospheric components, i.e. the dominant ’Hot
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Corrosion’ is substituted by ’Active Oxidation’. Now, the evaporation of volatile
metal chlorides and their subsequent oxidation at appropriate p(O2) is the rate-
determining step which results in flat kinetic curves (Fig. 5.5). Although after
336 hours a relatively high concentration of metal chlorides were still present in the
inner scale of all modified 9%Cr-steels, the degradation slows down after approx.
100 hours and follows steady-state corrosion rates (Fig. 5.5).
Therefore, from the results can be concluded that the alloying elements Ni, Al,
and Si are not effective to prevent a severe degradation during ’Hot Corrosion’ by
means of its high solubility in varying melt basicities. However, if ’Active Oxidation’
is the governing corrosion mechanism, their addition forms an effective barrier to
hinder the inward penetration of highly aggressive components such as chlorine and
the outwards diffusion of volatile metal chlorides.
This is in accordance with previous studies of alloyed Ni [24,49], Al [88,167] and
Si [24,88,167] in oxidising and chlorination environments.
5.1.1.3 Intermetallic iron aluminides
Results
The corrosion test of three iron aluminides exposed to identical testing conditions
described in sec. 5.1.1.1 shows that Fe-15Al and Fe-40Al suffer a high degradation
regarding the mass change in Figure 5.8, while Fe-26Al depicts a remarkable lower
metal loss confirmed by repeating the experiment. After a moderate cooling down,
the corrosion product of all iron aluminides were poorly adherent, i.e. consistently
detached from the metal surface.
Figure 5.9 shows the mass change rate where in the initial stage, a mass decrease
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Figure 5.8: Mass loss results of iron aluminides beneath molten KCl-ZnCl2 in N2-
8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 320 °C.
5.1. WASTE INCINERATION CONDITIONS 71
0 50 100 150 200 250 300 350
-10
0
10
20
30
40
50
60
70
 
 





	






	


Time [h]
 Fe-15Al
 Fe-26Al
 Fe-40Al
Figure 5.9: Time rate of mass change of iron aluminides beneath KCl-ZnCl2 in
N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 320 °C.
was observed for all intermetallics. Then, the degradation accelerates and a rapid
mass gain occurred except for Fe-26Al. Fe-15Al exhibits a parabolic rate law
accompanied with a fast initial corrosion rate within the first 20 hours followed
by a deceleration in rate. The graph of Fe-40Al shows almost linear rate law
characteristics with a reduced mass gain in the propagation stage. Contrary, Fe-
26Al indicates a steady-state kinetic until 100 hours before a moderate enhanced
mass gain occurred. Therefore, both the kinetics and the weight loss reflect the
observed tendency of the intermetallics at present conditions.
A thick scale was formed on Fe-15Al, which is rather porous and heavily cracked
(Fig. 5.10). The scale is separated into an outer iron oxide layer with additions
of zinc, a thin intermediate darker zone and an inner Fe-rich oxide. Besides iron,
the latter contains low concentrations of Al and Zn with additions of sulfur, K
and chlorine. XRD detected Fe2O3, θ-Al2O3 and spinels such as Fe3O4, FeAl2O4
and ZnAl2O4. Additionally, FeCl2 were found besides different iron and aluminium
sulfides. EBSD examinations reveal that the iron oxide layer is separated into an
outer α-hematite and an inner Fe3O4. In contrast, the darker layer in the scale is
enriched in Al besides high concentrations of K, Zn, chlorine and sulfur where only
low amounts of Fe were found.
In Figure 5.11, Fe-26Al exhibits pits formation in the bulk material. EDX
and EBSD examinations reveal that the outermost iron oxide layer is separated
into an outer hematite and an inner magnetite layer with additions of K and Zn.
The innermost dark layer is highly concentrated in dissolved Al with low amounts
of Fe, chlorine, K and Zn. XRD analysis reveals the presence of Al2O3, Fe2O3,
Fe(Fe,Al)2O4 and FeCl2. Furthermore, at the metal/scale interface, the substrate
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peripheral zone shows a grained structure including chlorine and only traces of zinc.
No sulfur was detected in any corrosion layer.
Similarly, the scale formed on Fe-40Al consists of both an iron oxide layer on top
separated into an outer hematite and an inner magnetite and a dark layer (Fig. 5.11).
Contrary, the dark layer is an intermediate zone while an inner layer exists with
mostly Fe, less Al and minor salt deposit constituents. Both the innermost and the
dark layers contain sulfur in low concentrations.
In the first 100 hours, ZnFe2O4/ZnAl2O4 were observed in the outer iron oxide
layer of all iron aluminides. Afterwards, no Zn-rich spinels were detected after
336 hours.
In a short-term test for 30 hours, EDX analysis of both Fe-26Al and Fe-40Al
depicts a thin oxide layer containing mainly Fe and Al (Fig. 5.12). At the metal/scale
interface of Fe-26-Al, iron is slightly increased compared to Al, whereas in contrast
the innermost layer of Fe-40Al is highly concentrated in Al. Besides the salt
constituents, the melt on top of the scales contains sulfur in a low concentration
for Fe-26Al, whereas the concentration on Fe-40Al was quite higher.
Discussion
The initial present degradation in the incubation phase is comparable to the
corrosion described in sec. 5.1.1.2 regarding the interplay of evaporation of
chlorides, in particular ZnCl2, dissolution of metals and oxides and their subsequent
precipitation as well as the transformation of a more acidic chloride melt into a more
basic chloride-sulfate mixture.
Also the propagation stage, where high corrosion rates of Fe-15Al and Fe-40Al
were found, are caused by the highly soluble iron and aluminium beneath the present
melt conditions. Predominantly iron chlorides were formed at the metal/scale
interface of Fe-15Al according to Eqs. (2.55) or (2.56), whereas in contrast, iron
and aluminium were highly dissolved on Fe-40Al. In addition to Figure 5.7, an EDX
analysis after 10 hours exposure duration of Fe-40Al shows that a high concentration
200 µm100 µm
Fe2O3
Fe3O4
Figure 5.10: SEM cross-section (left) and micrograph (right) of Fe-15Al beneath
KCl-ZnCl2 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 320 °C.
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Figure 5.11: SEM cross-sections of Fe-26Al (left) and Fe-40Al (right) beneath
KCl-ZnCl2 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 320 °C.
of Al was found in the scale close to the bulk material (Fig. A.1).
Moreover, if basic conditions were established as mentioned in sec. 5.1.1.2, the
strong acidic oxide Al2O3 will be highly soluble by basic fluxing given in Eq. (5.5):
Al2O3+O
2−

 2AlO−2 . (5.5)
Additionally, a dissolution of Fe2O3 in a basic melt can occur according to either an
acidic (Eq. (2.40)) or a basic (2.39) dissolution.
Hence, both corrosion mechanisms cause that dissolved chlorides and metal-
ions migrate outwards along the concentration gradient to the melt/gas interface
and precipitate as oxides corresponding to the locally established p(O2) and p(Cl2)
(Fig. 2.6). FeCl2 is predominantly oxidised in the outer part by forming a thick
iron oxide layer (Figs. 5.10 and 5.11) while aluminium chloride is oxidised at low
p(O2) and p(Cl2) as shown in Figure B.15 for the binary Fe-Al-system. The iron
oxide layer is rather porous and pervaded with cracks and pores. Consequently, the
KCl-ZnCl2KCl-ZnCl2
Al w/ FeFe/Al
100 µm50 µm
Figure 5.12: SEM cross-sections of Fe-26Al (left) and Fe-40Al (right) beneath
KCl-ZnCl2 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 30 hours at 320 °C.
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Figure 5.13: Mass loss results of iron aluminides exposed in different atmospheres
containing N2-8%O2-15%H2O and additions of 0.02%SO2 or 0.2%HCl for 96 hours
at 320 °C.
external oxide layer can barely provide any resistance by means of possible inwards
diffusion of corrosive gas species.
After the molten salt is converted into solid oxide, the corrosion rate is reduced
(Fig. 5.9) and the ’Hot Corrosion’ is displaced by the ’Active Oxidation’ mechanism.
Due to the porous scale, both oxygen and chlorine can diffuse inwards launching
the catalytic chlorine-cycle. Referring to Figure B.15, predominantly FeCl2 will be
formed at the metal/scale interface and their evaporation, outwards diffusion and
decomposition as metal oxides is accompanied with an inner scale growth enriched
in iron on both substrates of Fe-15Al and Fe-40Al.
According to the sulfides found in the innermost layer of Fe-15Al, their formation
is thermodynamically stable at low p(O2) and p(Cl2) as depicted in Figure B.9 and
reported in sec. 5.1.1.1 for 9-12%Cr-steels.
Regarding Fe-26Al, it is suggested that the Fe/Al ratio in the scale is the decisive
factor for the lower weight loss by means of the formation of an iron-rich aluminium
spinel, i.e. FeAl2O4. Although iron cations are highly mobile, Fe
2+-ions are
progressively blocked by Fe(Fe,Cr)2O4 as reported for Fe-Cr-spinels [39]. Therefore,
a similar blocking behaviour could be related to the detected Fe(Fe,Al)2O4 in the
scale of Fe-26Al. The inwards diffusion of chlorine is still possible, however, the
subsequent formation of iron chlorides is mainly prevented by the lack of iron
cation diffusion which increases the chlorine content in the inner scale. Hence,
the emergence of an innermost layer enriched in iron has been suppressed.
In order to show the influence of gaseous species on the degradation, further tests
were conducted at identical testing conditions but modified atmospheres for 96 hours
(Fig. 5.13). In N2-8%O2-15%H2O with and without additions of 0.02%SO2, the mass
loss of the Fe-Al alloys decreased by increasing the Al-content. In contrast, in N2-
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8%O2-15%H2O with additions of 2,000 vppm HCl, the lowest mass loss was observed
for Fe-26Al which is similar to the obtained weight loss regarding Figure 5.8.
Hence, it can be concluded that:
(i) an interaction of both molten KCl-ZnCl2 and gaseous chlorine takes place,
(ii) an increased mass loss of all Fe-Al alloys is related to the ’Active Oxidation’
mechanism,
(iii) the significant lower mass loss of Fe-26Al is associated with the protective
oxide scale formation against the gaseous chlorine attack.
Therefore, the Fe/Al composition of both iron aluminides Fe-15Al and Fe-26Al has a
detrimental influence on the corrosion since the solubility of both iron and aluminum
is very high at the beginning (Fig. 5.7) leading to a high degradation. Contrary,
the alloy composition of Fe-26Al shows that an adequate and critical, respectively,
Al-concentration will form an iron-aluminum-rich spinel layer favourable to perform
an appropriate corrosion resistance.
However, the corrosion rates of both Fe-26Al and Fe-40Al were still unsteady
after 336 hours. The kinetic of Fe-15Al is in the steady-state at the end of the
testing period which is an exclusion criterion for a recommendation as a candidate
material.
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5.1.2 Na2SO4-K2SO4-CaSO4-ZnSO4
5.1.2.1 Commercial materials
A second high temperature corrosion test was carried out in a WtE atmosphere
beneath (Na2SO4-K2SO4-CaSO4-ZnSO4 exposed for 336 hours at 450 °C and 600 °C.
In fact, Figure 5.14 shows a comparison of the mass loss of the tested commercial
alloys at both elevated temperatures, however, the degradation is discussed basically
at 600 °C.
Results
In comparison, the mass loss for low and 9-12%Cr-steels is up to 6 times higher
at 600 °C than at 450 °C, whereas at both temperatures, the weight loss for high
Cr and Ni alloys is quite low. Furthermore, the salt deposit at 450 °C is partially
molten and still visible, while in contrast, the salt deposit at 600 °C is fully molten.
Regarding the degradation at 600 °C, two significant effects of low Cr-steels are
drawn in Figure 5.14:
(i) Regarding 15Mo3, 13CrMo4-4 and 10CrMo9-10, the mass loss is increased
towards 10CrMo9-10, i.e. higher Cr-content.
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Figure 5.14: Mass loss results of steels and nickel-based alloys beneath
molten Na2SO4-K2SO4-CaSO4-ZnSO4 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2
for 336 hours at 450 °C and 600 °C.
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Figure 5.15: Time rate of mass change of selected steels beneath Na2SO4-K2SO4-
CaSO4-ZnSO4 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 600 °C.
(ii) The mass loss of the 2.5%Cr-steel T 23 is considerably lower compared to
other tested low Cr-steels, but similar to the 9%Cr-steels P 91 and T 92.
The discontinuous kinetic test shows that after an incubation phase of 1-2 hours,
the corrosion rates of the tested alloys differ significantly in the propagation stage
(Fig. 5.15). Initially, both 10CrMo9-10 and T 23 show an identical mass gain
characterised by a parabolic rate law, then after 10 hours, the graphs separate
showing unsteady kinetics, whereas 10CrMo9-10 depicts a higher mass change. The
kinetics of 15Mo3 and X20CrMoV12-1 are similarly, however, the mass change is
significantly reduced. Both TP 347 H and Sanicro 28 are almost unaffected and
show nearly non-corrosion rates from the beginning.
Figure 5.16 shows the metallographic cross-section of 10CrMo9-10 and T 23 after
336 hours at 600 °C. The scale morphology appears more porous in the outer part
and quite dense at the metal/scale interface. On top of both scales, XRD reveals
sulfates of sodium and calcium. The outer voluminous iron oxide is separated into
an outermost Fe2O3 and an innermost Fe3O4. While on 10CrMo9-10 the outer
hematite layer is thin compared to a considerably thick inner magnetite layer, it is
inversely proportional on T 23.
Regarding 10CrMo9-10, the inner scale has a heterogeneous morphology of
brighter and darker regions. In the brighter areas, sulfur is enriched beside Fe and
Cr. The darker areas contain mainly iron, oxygen and chlorine with small amounts
of Cr, Mn and Zn, whereas the Cr- and Mn-concentration decreases outwards.
XRD investigations of the innermost part reveal the presence of Fe3O4, different
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Fe2O3
Figure 5.16: SEM cross-sections of 10CrMo9-10 (left) and T 23 (right) beneath
molten Na2SO4-K2SO4-CaSO4-ZnSO4 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2
for 336 hours at 600 °C.
chromites as (Fe,Mn,Zn)Cr2O4 and Mn3O4 as well as sulfides, i.e. various Cr-
sulfides, whereas chlorides were not detected. The TSD diagrams show that the
XRD-detected compounds are thermodynamically stable at low p(O2) and p(Cl2)
regarding Figures B.18, B.25 and B.26. The structure of the corrosion layer is an
example for the other two low-alloy steels.
The alloy T 23 show a similar composition of the innermost oxide layer regarding
10CrMo9-10. However, tungsten is additionally found in high concentrations as
WO3 and different wolframites, i.e. (Fe,Mn,Zn)WO4, which are thermodynamically
stable, e.g. Ferberite (FeWO4) or Sanmartinite [(Fe,Zn)WO4] (Figs. B.16 and B.17).
Also vanadium is present in low quantities, which preferably forms vanadium oxide
(Fig. B.17), however, its oxide is not detected by XRD.
According to T 23, similar results were observed for T 92 and X20CrMoV12-1.
However, the innermost scale of X20CrMoV12-1 comprises low concentrations of
vanadium and molybdenum.
On top of high Cr- and Ni-containing alloys, i.e. Esshete 1250, TP 347 H, Sanicro 28
and Inconel 625, no voluminous outer iron oxide was formed at 600 °C. Instead, the
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Figure 5.17: The chlorine-concentration within the cross-section of T 23 beneath
molten Na2SO4-K2SO4-CaSO4-ZnSO4 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2
for (a) 10 hours, (b) 30 hours and (c) 100 hours at 600 °C.
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Figure 5.18:
SEM cross-sections of Sanicro 28 beneath molten Na2SO4-K2SO4-CaSO4-ZnSO4
in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 600 °C. Left: Overview.
Right: Detail.
solidified melt contains precipitations of different oxides.
Regarding Esshete 1250, the precipitates consist of spinels as (Zn,Ni)(Fe,Cr)2O4,
which are thermodynamically stable at present conditions (Figs. B.16, B.25 and
B.26). While iron is enriched in the inner part of the melt, a high concentration of Mn
is found at the melt/gas interface, where also Fe2O3, NiO or their spinel are detected.
Close to the bulk material, a thin scale is formed, which is enriched in chromium,
iron and additions of Ni, Mn, Zn, K and sulfur. At the metal/scale interface, high
concentrations of chromium, sulfur and traces of Fe and Mn were found, which
can form thermodynamically stable (Cr,Fe,Mn)-sulfides at corresponding partial
pressures (Fig. B.25 and B.26).
A similar corrosion product is formed on TP 347 H, however, the outer
precipitates contains iron oxide with or without additions of nickel, and the solidified
melt comprises relatively little Mn. At the metal/scale interface, only small amounts
of sulfur are detected, while mainly oxide solid solutions of Cr and Fe are present.
In general, the scales of both alloys contain no chlorine after 336 hours.
The low mass loss of Sanicro 28 is associated with severe pitting, which has
a complex morphology of the formed corrosion product (Fig. 5.18). Therefore,
Figure 5.19 summarises the structure of the corrosion layer and the detected elements
analysed by EDX and XRD investigations:
(i) Close to the substrate, sulfides are thermodynamically stable, preferably
various Cr-sulfides (Fig. B.25).
(ii) Above the sulfides, a Cr-rich oxide layer with additions of Fe and Ni was
formed.
(iii) In the outer part of the pits, different zinc- and nickel-rich iron-/chromium-
spinels are found. The darker areas contain an increased content of K2S2O7.
(iv) The established Cr-free K-/Ni-sulfate melt comprises precipitates of Zn-rich
Fe-/Cr-spinels. At the solidified melt/gas interface, additional Ni-oxides were
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Atmosphere: N2-8vol.-%O2-15vol.-%H2O-2,000vppmHCl-200vppmSO2
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Figure 5.19: Schematic image of the cross section of the corrosion product on
Sanicro 28 beneath molten Na2SO4-K2SO4-CaSO4-ZnSO4 in N2-8%O2-15%H2O-
0.2%HCl-0.02%SO2 for 336 hours at 600 °C analysed by EDX and XRD. Local Cr-
rich pits are formed with an alternating morphology according to a various potassium
pyrosulfate amounts.
formed.
(v) In addition, NbC particles were dissolved in the melt, remain unaffected and
embedded in the inner oxide layer.
Where no pitting occurred, a thin Cr- and Ni-rich corrosion layer with additions of
Fe and potassium in low concentration as well as zinc enriched in the outer part.
Inconel 625 shows a similar composition of the solidified melt and the oxide layer,
however, no pitting occurred, instead, discontinuous small layers were formed on the
substrate rich in oxides and sulfides of Ni, Cr, and Fe.
Discussion
With the intention to investigate the different corrosion behaviour of low alloyed
steels, kinetic tests were carried out at identical testing conditions using the example
of T 23:
(i) The initial ’Hot Corrosion’ is the rate-determining step by an increased
degradation for 10 hours (Fig. 5.15) due to a high dissolution of metal oxides
by a basic (Eq. (2.39)) or an acidic (Eq. (2.40)) fluxing in the established
more basic melt, which is determined by the presence of zinc and water
vapour [53,81]. If the specimens were not completely covered with the sulfate
melt, metal chlorides will be formed and become dissolved in a sulfate melt by
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basic dissolution as follows:
FeCl2(diss.)+0.5O2(g)+O
2−(diss.)
 FeO2−2 (diss.)+Cl2(g). (5.6)
(ii) After 5 hours, a thick scale was already formed and the quantity and
quality of the former pure sulfate deposit is mainly a chloride melt at
the metal/melt/scale interface (Fig. 5.20) due to a conversion of ZnSO4
and (Na,K)2SO4 to chlorides according to Figures 2.8 and 2.9, and the
corresponding reactions (Eqs. (2.59) to (2.61)).
(iii) Most of the zinc chlorides were evaporated due to the higher p(ZnCl2)
compared to alkali chlorides (Fig. 2.10), and therefore, its concentration in
the scale is quite low.
(iv) If basic conditions were established, especially Cr2O3 as a strong acidic oxide
(Fig. 2.7) will be highly soluble by basic fluxing (Eq. (2.45)). Additionally,
dissolved iron species, e.g. according to Eq. (5.6), form an outer voluminous
iron oxide layer (Fig 5.16) by means of its rapid outwards diffusion along
concentration gradients to higher p(O2) and lower a(O
2−) as follows:
2FeO2−2 (diss.)+0.5O2(g)
 Fe2O3(s)+2O
2−(diss.). (5.7)
(v) After 10 hours, the existing melt is converted into oxide and a high
concentration of chlorine is found at the metal/scale interface (Fig. 5.17).
Hence, the predominant ’Hot Corrosion’ mechanism is substituted by ’Active
Oxidation’, where the evaporation of volatile metal chlorides and their
subsequent oxidation at appropriate p(O2) and p(Cl2) is the rate-determining
step. Therefore, the kinetic curves of low alloyed steels exhibit a much lower
slope (Fig. 5.15).
(vi) At 30 hours and 100 hours, strong outwards diffusion of chlorine is blocked by
a FeSO4-layer, which exists adjacent to the outer iron oxide (Fig. 5.17).
(vii) After 336 hours, no chlorine is detected and a FeSO4-layer does not exist
anymore (Fig. 5.16).
Without taking alloy T 23 into consideration, the decisive factor for low Cr-steels
regarding their increased weight loss towards an increased Cr-content (Fig 5.14) is
the discontinuously formed chromia during ’Hot Corrosion’, which is non-protective
against the following ’Active Oxidation’, and leads to an enhanced outwards diffusion
of thermodynamically favoured chromium chlorides. Thus, steels low alloyed in
chromium are more severely corroded than chromium-free steels, e.g. 15Mo3.
However, the classical mechanism of ’Active Oxidation’, precisely the inwards
diffusion of Cl2, is initially substituted by the dissolved metal chlorides adjacent to
the substrate (Fig. 5.20). Therefore, the outwards diffusion of volatile chlorides from
the solidified melt determines the corrosion rate instead. However, their outwards
diffusion is blocked by a FeSO4 layer (Fig. 5.17), which can be formed by acidic
fluxing of Fe2O3 at low p(O2) (Fig. B.18) according to:
82 CHAPTER 5. RESULTS AND DISCUSSION
0 2 4 6 8 10
0
500
1000
1500
2000
2500
Ca
W
Cr Fe W
Fe
W
W
In
te
n
si
ty
 [
ct
s.
]
Energy [keV]
FeCr
W
O
50 µm
chlorides
W-rich
iron oxide
Figure 5.20: SEM cross-section (left) and EDX spectrum (right) of T 23 beneath
molten Na2SO4-K2SO4-CaSO4-ZnSO4 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2
for 5 hours at 600 °C. The EDX spectrum shows the composition of the bright
W-rich precipitates.
Fe2O3+2SO
2−
4 
 2FeSO4+2O
2−+0.5O2. (5.8)
If this sulfate layer does not exist anymore, the degradation is followed by the ’Active
Oxidation’ and the corresponding chlorine inwards diffusion through the oxide layer
towards the metal/scale interface.
The formation of the detected sulfides, in particular Cr-sulfides, on low and high
Cr-steels as well as on Esshete 1250 and TP 347 H is discussed in sec. 5.1.1.1 for
9-12%Cr-steels.
Influence of tungsten
The following paragraph discusses the degradation of T 23 as well as T 92 and
X20CrMoV12-1 whether the quality and quantity of tungsten or vanadium have an
influence on the significantly lower mass loss.
Generally, strong acidic oxides as WO3 and V2O5 decreases the a(O
2−) in the
molten salt by their basic dissolution (Eq. (2.49)), and therefore, reduces the basic
dissolution of a protective Cr2O3 layer (sec. 2.4.1).
In order to study the corrosion of tungsten containing alloys, the influence of
the composition of both alloy and atmosphere was investigated regarding modified
2.25%Cr- and 9%Cr-model alloys containing different tungsten concentrations.
The first tests were carried out in different environments without a deposit for
336 hours at 600 °C (Fig. 5.21). For this purpose, Figures 5.23 and 5.24 show
EPMA composition gradients in the corrosion scales of 2.25%Cr- and 9%Cr-
model alloys containing 1.0 wt.-% and 3.0 wt.% W, while a corresponding
W/Cr-ratio gradient is given in Figure A.4. For a second test, the model
alloys were exposed in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 beneath molten
Na2SO4-K2SO4-CaSO4-ZnSO4 for 12 hours at 600 °C (Fig. 5.22). In addition to
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Figure 5.21: Mass loss results of W-modified 2.25%Cr- and 9%Cr-steels in different
atmospheres for 336 hours at 600 °C.
these tests, the commercial steels T 22 (10CrMo9-10), T 23, P 91 and T 92 were
also simultaneously carried out.
The results for 2.25%Cr-steels can be summarised as follows:
(i) In all atmospheres, the mass loss decreases by increasing the W-content
(Fig. 5.21).
(ii) With increasing the complexity of the atmosphere, the degradation of W-
containing alloys increases (Fig. 5.21).
(iii) Similar Cr-concentrations close to the substrate of Fe-2.25Cr-1.0W and Fe-
2.25Cr-3.0W (Fig. 5.23).
(iv) Increased W-content at the metal/scale interface of Fe-2.25Cr-3.0W
(W/Cr: 1.0) compared to Fe-2.25Cr-1.0W (W/Cr: 0.4) (Fig. 5.23).
(v) The mass loss slightly decreases by increasing the W-content beneath a molten
salt (Fig. 5.22). Similar results are observed for T 22 and T 23.
For 9%Cr-steels, the results are sum up as follows:
(i) The mass loss increases by increasing the W-content in a HCl-/SO2-containing
atmosphere (Fig. 5.21).
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Figure 5.22: Mass loss results of W-modified 2.25%Cr-, 9%Cr-steels as well as
T 22/23 and P 91/T 92 beneath Na2SO4-K2SO4-CaSO4-ZnSO4 in N2-8%O2-
15%H2O-0.2%HCl-0.02%SO2 for 12 hours at 600 °C.
(ii) SO2 retards the degradation compared to a HCl-containing atmosphere
without SO2 (Fig. 5.21).
(iii) Similar Cr-concentrations close to the substrate of Fe-9Cr-1.0W (W/Cr: 0.1)
and Fe-9Cr-3.0W (W/Cr: 0.4) (Fig. 5.24).
(iv) Increased W-content at the metal/scale interface of Fe-9Cr-3.0W compared to
Fe-2.25Cr-3.0W (Fig. 5.24).
(v) The mass loss decreases significantly by increasing the W-content beneath a
molten salt (Fig. 5.22). Similar results are obtained for P 91 and T 92.
If no melt established, then the ’Active Oxidation’ mechanism will cause the
formation of volatile Cr- and W-(oxy)chlorides, their subsequent outwards diffusion
and their oxidation at a higher oxygen partial pressure, whereby the thermodynamic
driving forces to oxidise tungsten (oxy)chlorides are much more negative compared
to those of CrCl3 (Fig. B.21, Tabs. 2.1 and 2.4).
Both EPMA figures (Figs. 5.23 and 5.24) show that the Cr-composition is
almost identical in each test, whereas the W-concentration is distinct from the alloy
composition, i.e. the more tungsten is added to the alloy, the more tungsten is found
in the scale. A higher W-content in 2.25%Cr-model alloys has a beneficial effect to
improve the corrosion resistance when ’Active Oxidation’ is rate-determining since
both chromium and tungsten oxides will significantly decrease further degradation.
This also applies for 9%Cr-model alloys, however, the chromium content itself is
sufficient to decrease further corrosion (Fig. 5.21). However, since tungsten is
thermodynamically highly reactive and additionally reduces the diffusion ability of
chromium [21], therefore, tungsten will diffuse in the corrosion layer, and hence,
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Figure 5.23: Chromium and tungsten scale-composition of Fe-2.25%Cr-1.0W and Fe-
2.25%Cr-3.0W in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 600 °C.
causes a higher mass loss. Hence, although the 9%Cr-model alloys show an
increased mass loss by adding tungsten, their corrosion is not adversely affected since
tungsten acts as a primary chlorine- and oxygen-getter supporting the formation of
a protective oxide layer in both corrosion mechanisms, i.e. ’Active Oxidation’ and
’Hot Corrosion’. Thus, the thermodynamic driving force is a crucial aspect for the
chromium and tungsten concentration within the scale.
Figure A.4 shows that a W/Cr-ratio of approx. 0.4 in the scale of both
2.25%Cr- and 9%Cr-model alloys exhibits an enhanced degradation in an oxidation-
chlorination environment. According to the predominant ’Hot Corrosion’ (Fig. 5.22),
tungsten oxides reduces the a(O2−) in the molten salt as mentioned above, and thus,
the solubility of Cr2O3 is decreased. Therefore, model alloys/steels higher alloyed
in Cr and W were less degraded than low Cr/W-alloyed materials, so the Cr/W-
composition in the scale at the governing corrosion mechanisms is an additional
decisive factor regarding their degradation.
Based on the results of the influence of tungsten, the following conclusions can be
drawn for the degradation of commercial steels:
During the initial ’Hot Corrosion’ both low alloyed 2.25%Cr-steels T 22 and T 23
were comparably affected regarding their similar mass change (Fig. 5.22). Dissolved
metal chlorides can react with wolframate by forming solid Ferberite, which was
detected adjacent to the metal/scale interface by XRD investigations, as follows:
FeCl2(diss.)+WO
2−
4 (l)
 FeWO4(s)+Cl2(diss.)+2e
−. (5.9)
86 CHAPTER 5. RESULTS AND DISCUSSION
0 5 10 15 20
0
5
10
15
20
25
30
35
 
 
C
o
m
p
o
si
ti
o
n
 [
w
t.
-%
]
	 
 
  
 
  
 
  
 
  
Figure 5.24: Chromium and tungsten scale-composition of Fe-9.00%Cr-1.0W and Fe-
9.00%Cr-3.0W in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 600 °C.
While the innermost scale on the tungsten-containing alloy T 23 is subdivided into
a W-rich layer at the metal/scale interface and a Cr-rich layer above, the tungsten-
free alloy T 22 instead comprises only a Cr-rich layer adjacent to the bulk material.
This different layer structure is of significant importance for the following ’Active
Oxidation’ attack when the melt is consumed. If the inwards diffusing reactive
agents, i.e. chlorine and oxygen, reach the innermost scale, then their partial
pressures in both layers of T 23 will be thermodynamically insufficient to severely
activate the chlorine-induced catalytic cycle. In contrast, alloy T 22 is severely
corroded since the chlorine activity in the Cr-rich oxide at the metal/scale interface
is thermodynamically sufficiently high to form chromium chlorides as mentioned in
the previous paragraph.
The initial ’Hot Corrosion’ of the 9%Cr-steel P 91 without tungsten is much
higher compared to T 92 (Fig. 5.22). However, if the ’Active Oxidation’ becomes
rate-determining, then T 92 will be more severely affected since both tungsten and
chromium will form volatile chlorides, which results in a comparably mass loss of
both P 91 and T 92 after 336 hours (Fig. 5.14).
In summary, it should be pointed out that the influence of tungsten on
bainitic/martensitic steels has not yet been conclusively clarified, and thus, further
scientific studies will be necessary.
The results are akin to X20CrMoV12-1, however, its improved corrosion
resistance is associated with the higher Cr-content forming a more protective oxide
layer, and thus, showing steady-state kinetics (Fig. 5.15).
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The degradation of Esshete 1250 and TP 347 H is similar to Sanicro 28 and
Inconel 625, which is discussed in the following paragraph. However, in general,
their improved corrosion resistance compared to 9-12%Cr-steels is due to the higher
Cr-concentration dissolved adjacent to the substrate forming a protective oxide solid
solution in particular with Fe and Ni. Also, manganese seems to have again a
detrimental effect on the corrosion of Esshete 1250 as described in sec. 5.1.1.1. The
initially formed Mn-chloride, its subsequent high dissolution in the melt by acidic
fluxing (Eq. (5.10)) and outwards migration along the concentration gradient could
explain its high content in the solidified melt.
MnCl2+SO3+0.5O2 
Mn
2++SO2−4 +Cl2. (5.10)
With the intention to study the degradation of Sanicro 28, a time-dependent series
of test (Fig. A.3) was carried out, analysed by EDX at different time periods and
summarised as follows:
(i) After 10 hours, Zn-containing Cr-, Fe- and Ni-rich oxides precipitate in the
outer part of the melt. On top of the melt, a high concentration of ZnCl2 is
detected. Adjacent to the metal/melt interface, the molten deposit contains a
high amount of dissolved Cr with additions of Fe, potassium and sulfur. The
low Ni- and Mn-concentrations in the melt increase outwards.
(ii) After 30 hours, local small pitting occurs on the substrate. Zn-rich Ni- and
Fe-precipitates with small amounts of Cr are present in the melt. Within the
pits, Cr and sulfur were concentrated close to the metal, obviously Cr-sulfides
were formed. The high chromium concentration decreases outwards while the
low amounts of Fe, Ni, and Zn increase. An almost layered structure of dark
and bright stripes is denoted within the pits.
(iii) The layered morphology is clearly seen after 100 hours, where the pits are
more distinct with a similar concentration gradient compared to 30 hours. At
any time, chlorine is present in a low concentration. The melt composition, in
particular Ni, does not change within the kinetic test until 100 hours, hence,
the conversion into a K-/Ni-sulfate occurs in a progressed testing period.
First, the low chlorine concentration in the melt at any time within the kinetic test
indicates a low solubility of atmospheric chlorine in the sulfate melt. Accordingly,
since all materials were exposed to the same test, a conversion of molten sulfates
into a chloride-sulfate melt related to Eqs. (2.59) and (2.60) has to be obtained
on all specimens. A conversion is observed for zinc, however, most of the ZnCl2
is evaporated due to its high vapour pressure at present conditions (Fig. 2.10).
Therefore, it is proposed that the chlorine in the melt is related to an initial
dissolution of metal chlorides according to Eq. (5.6).
Regarding the low/high Cr-steels, the dissolution of metal chlorides into the
melt is preferred instead of the sulfate/chloride-conversion, whereas generally the
formation of FeCl2 will be thermodynamically favoured according to Figure B.25.
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In particular, Cr-chlorides were initially formed by ’Active Oxidation’ due to its
more negative Gibbs free energy compared to NiCl2 (Tab. 2.1), and become oxidised
at low p(O2) (Fig. B.25). Once, a basic melt is established, chromia dissolves by
a basic fluxing according to Eq. (2.45) consuming O2−-ions, which is akin to the
initial high Cr-concentration in the melt shown in the kinetic test. CrO−2 diffuses
outwards and becomes oxidised at higher p(O2) and lower a(O
2−), which increases
the oxide-ion activity in the outer part of the melt. Subsequently, the a(O2−) at
the metal/melt interface is reduced and the melt shifts to a more acidic basicity.
Additionally, atmospheric SO3 is highly soluble in a sulfate melt [65], and hence, its
inwards transport along the concentration gradient via reactions (2.36) and (2.51)
is accompanied with an acidic fluxing, i.e. gas-phase induced ’Hot Corrosion’. At
the metal/melt interface, potassium and sulfur were enriched and can form K2S2O7,
and consequently, basic oxides such as Fe2O3 and NiO suffer an acidic dissolution
due to the reverse reaction of Eq. (2.51) at appropriate activities releasing dissolved
SO3, which reacts with both oxides according to:
Fe2O3+SO3(diss.)
 2Fe
2++3SO2−4 (diss.) (5.11)
NiO+SO3(diss.)
Ni
2++SO2−4 (diss.). (5.12)
Therefore, at 30 hours, the concentrations of Fe and Ni in the melt are increased.
Both iron and nickel diffuse outwards along a concentration gradient and precipitate
as Zn-rich Ni- and Fe-oxides since the a(O2−) in the outer region is increased due
to the reverse reaction of chromium (Eq. (2.45)). Simultaneously, Cr-sulfides are
formed close to the metal/scale interface indicating that the melt becomes strongly
acidic, and both chromia and the released SO2−4 will form CrS at low p(O2) according
to Eq. (2.46).
Thus, local pitting occurs due to the selective fluxing: Initially, a high Cr-
concentration in the pits is accompanied with a basic dissolution in a more basic
melt, followed by an acidic fluxing in a more acidic melt of Fe and Ni. An
alternating process of dissolution and spinel formation in a varying melt basicity
will subsequently form the layered oxide morphology in the pits. Furthermore, since
nickel is a noble element, acidic dissolved Ni-ions form a K-/Ni-sulfate melt.
Figure A.3 shows the transition from an initial basic fluxing to a more extensive
acidic dissolution at different time periods for Sanicro 28 according to the model
(Fig. 5.19).
A separation into an inner K2S2O7 and an outer Ca-rich melt was not found
as discussed by Spiegel [65] regarding the fluxing process of high alloyed materials
beneath (Na2-K2-Ca-Zn-Pb)SO4 in an atmosphere containing HCl and SO2, where
that separation occurred by various concentration gradients, which would influence
the degradation.
For Inconel 625, a similar degradation occurs, however, due to the lack of pitting
an acidic and selective fluxing is prevented, which results in a lower mass loss
compared to Sanicro 28 (Fig. 5.14).
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Figure 5.25: Mass loss results of 9%Cr-steels beneath molten Na2SO4-K2SO4-
CaSO4-ZnSO4 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 600 °C.
5.1.2.2 Modified ferritic 9%Cr-steels
Results
The comparison with each other show that the modified 9%Cr-steels depict similar
weight changes after exposed for 336 hours at 600 °C and identical testing conditions
as described in sec. 5.1.2.1, whereas the mass loss of the Ni containing steel is slightly
increased (Fig. 5.25). In comparison with the commercial 9%Cr-steel (Fig. 5.14),
T 92 shows a 3 times higher mass loss, while the weight loss of the austenitic steel
TP 347 H is similar to the modified ones.
In general, after 336 hours, the morphology of the oxide of all 9%Cr-steels
is subdivided into an external solidified melt with precipitates of mainly Fe2O3
and a subscale consisting of various oxide solid solutions, which define the original
metal surface (Fig. 5.26). The buckling and multi-layered structure of the subscale
indicates the presence of a molten phase, where the inner part comprises alternating
bright and dark layers, whereas the latter is enriched in Cr while the bright regions
contain a high Fe-concentration. Moreover, after cooling down, their corrosion
product is easily detached from the bulk material.
Regarding Fe-9Cr-5Ni-2.5Al-2.5Si (Fig. 5.26), the solidified melt comprises also
additions of Cr adjacent to the subscale, where oxide solid solutions of Fe and Cr
can be formed according to Figure B.25. In the outer part, iron with additions of
Ni and Al were found and formed Ni-rich Fe-/Al-spinels according to Figure B.14.
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Figure 5.26: SEM cross-sections of Fe-9Cr-2.5Al-2.5Si (left) and Fe-9Cr-5Ni-2.5Al-
2.5Si (right) beneath molten Na2SO4-K2SO4-CaSO4-ZnSO4 in N2-8%O2-15%H2O-
0.2%HCl-0.02%SO2 for 336 hours at 600 °C.
In the dark inclusions, Zn-free salt components with a high Fe-concentration were
detected, which can form thermodynamically stable potassium-rich iron oxide or
iron sulfates according to Figure 2.2.
In the subscale, the bright areas contain besides iron low Cr- and Ni-
concentrations, additions of Al and Si as well as traces of potassium and sulfur. The
dark regions comprise besides chromium high concentrations of Fe, Si and additions
of Ni and Al as well as traces of potassium and chlorine. XRD measurements of the
spalled scale reveals the Ni-rich spinels Ni(Fe,Cr,Al)2O4 as well as Fe2SiO4. Close
to the substrate, high amounts of Fe, Cr, Al and additions of Si were detected,
whereas no nickel is observed. Additionally, a high concentration of sulfur is found
while chlorine is present in low quantities.
The corrosion product of Fe-9Cr-5Al is quite similar but without Ni-and Si-rich
oxides. Additionally, a high concentration of Zn is detected in the subscale close
to the outer solidified melt. XRD measurements of the spalled corrosion product
reveals the presence of oxide mixtures such as Fe(Fe,Cr,Al)2O4 spinels as well as
ZnAl2O4.
Regarding Fe-9Cr-2.5Al-2.5Si, the bulk material is locally deeply penetrated by
elements of the molten phase (Fig. 5.26). The main constituents at the root-like
tips are Fe, Cr, sulfur and additions of Al, Si and traces of chlorine, whereas the
brighter regions are highly concentrated in iron. The subscale and the outer oxide
precipitates are comparable to Fe-9Cr-5Al and Fe-9Cr-5Ni-2.5Al-2.5Si.
Discussion
Although the modified 9%Cr-alloys are related to the commercial steel T 92, their
corrosion differs significantly due to the additions of Ni, Al, and Si, and is similar
to those of austenitic materials, i.e. Sanicro 28 (Fig. 5.18). There, the oxide
scale comprises a periodic sequence of Cr-rich and -depleted layers by means of
an alternating process of dissolution and precipitation in a varying potassium
pyrosulfate-rich melt basicity, which can be applied to the current Fe-Cr alloys
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(sec. 5.1.2.1). Therefore, the analysis of the degradation of the modified 9%Cr-steels
is restricted to specific characteristics in the current degradation.
During the initial ’Active Oxidation’, iron chlorides are predominantly formed
lowering the melting point of the salt deposit and establishing a FeCl2-salt-eutectic
melt, which results in the formation of an external voluminous iron oxide layer due to
its high solubility. In contrast, the formation of Ni, Al, and Si chlorides is prevented
by means of their thermodynamical stability regarding Figures B.18 and B.14.
During the subsequent ’Hot Corrosion’ and the associated pitting by the
mentioned alternating fluxing process, also Al and Si are basic dissolved besides
chromium in an initially rather basic melt. Contrary, also iron is enriched by acidic
fluxing besides Ni in a more acidic melt. Since an acidic melt was established, this
process is self-sustaining and will continue until the melt is consumed.
Nevertheless, a substantial improvement of the corrosion resistance of the modified
Cr-alloys with regard of most commercial alloys (Fig. 5.14) is obtained due to the
formation of protective oxides such as Fe2SiO4, NiCr2O4 and Fe(Fe,Cr)2O4. Those
oxides cause the significantly reduced corrosion compared to T 92 by means of their
preventing effect of both outwards diffusion of metal cations and inwards diffusion
of corrosive reactants. Thus, the modified 9%Cr-steels are markedly affected by the
alloying elements and their concentration, whereas the alloy composition of Al/Si
seems to be more effective than the combination of Ni/Al/Si. Nickel is considered as
a noble element improving the degradation resistance in most of corrosive conditions
by forming thermodynamically stable NiO. However, its high solubility beneath an
acidic melt at present conditions is attributed to be relevant for the slightly increased
mass loss after 336 hours (Fig. 5.25).
5.1.2.3 Intermetallic iron aluminides
Results
At identical testing conditions as in sec. 5.1.2.1, Fe-15Al shows the highest mass
loss after 336 hours and exposed at 600 °C, while increasing the Al-content the
degradation decreases considerably (Fig. 5.27). The mass loss of Fe-26Al is similar
to the austenitic steel TP 347 H, while Fe-40Al is comparable to Inconel 625.
The governing corrosion mechanisms attack the iron aluminides quite differently.
Both Fe-15Al and Fe-26Al show a large-scale corrosion (Figs. 5.28 and 5.29), while
Fe-40Al exhibits pitting beneath the solidified melt (Fig. 5.28), which is generally
rich in oxide precipitates. Near the metal/scale interface, all Fe-Al alloys show a
depletion of aluminium in the bulk material as exemplified for Fe-26Al in Figure 5.29,
while the iron and oxygen concentrations remain rather constant.
An outer thick hematite layer comprising dark inclusions of Fe, Ca and sulfur,
and a multi-layered inner oxide scale was formed on Fe-15Al (Fig. 5.28). At the
metal/scale interface, a thin layer of FeCl2 is observed beneath a thick, dark and
dense layer of mixed oxide solid solutions of iron and aluminium including minor
additions of sulfur. On top of the mixed oxides, a bright porous region is separated
into an inner pure iron sulfide and an outer pure Fe3O4 layer. The dark intermediate
92 CHAPTER 5. RESULTS AND DISCUSSION
F
e-
1
5
A
l
F
e-
2
6
A
l
F
e-
4
0
A
l
0
10
20
30
40
140
160
180
 
 
 










	


Figure 5.27: Mass loss results of iron aluminides beneath molten Na2SO4-K2SO4-
CaSO4-ZnSO4 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 600 °C.
layer comprises salt constituents except Zn, which is evaporated as ZnCl2, and
precipitates of iron and aluminium oxides.
On Fe-26Al, a thin oxide scale was formed close to the substrate comprising
mainly Al, Zn and minor additions of Fe, Na, and potassium. XRD reveals the
presence of (Fe,Zn)Al2O4 and θ-Al2O3, which are also thermodynamically stable
(Fig. B.19). On top of the Zn-rich aluminium oxide, a thin dual-layered oxide of an
inner layer comprising Fe, sulfur, and oxygen, and an outer hematite layer, which
separates the scale from the solidified melt, whereas the outer part contains upright
needle-shaped Fe2O3-precipitates.
Local pitting occurred on Fe-40Al consisting of a dark layer highly concentrated
in Al and additions of Fe, Zn, and potassium, most probably (Fe,Zn)Al2O4. Close
to the metal/scale interface, high amounts of aluminium and sulfur were detected,
which can form thermodynamically stable aluminium sulfides at quite low p(O2)
(Fig. B.24). On top of the specimen, the salt is pervaded by precipitates of either
pure Fe2O3 or a mixture of an iron-rich oxide with small amounts of Al-oxide.
Discussion
’Hot Corrosion’ is the governing degradation mechanism by an initially extensive
basic fluxing since aluminium is depleted in the bulk material. The lack of chlorine
in the solidified melt confirms that the conversion into a chloride-sulfate melt is
negligible as described in sec. 5.1.2.1 for Sanicro 28. The corrosion process described
therein can be applied for the current degradation as well as the description in
sec. 5.1.2.2 for modified 9%Cr-steels. The following paragraph is a brief summary
adapted to the binary iron aluminides.
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Figure 5.28: SEM cross-sections of Fe-15Al (left) and Fe-40Al (right) beneath
molten Na2SO4-K2SO4-CaSO4-ZnSO4 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2
for 336 hours at 600 °C.
Before a melt is established, especially Fe-15Al is susceptible to the initial ’Active
Oxidation’ as reported in sec. 5.2.2.3 (Fig. 5.47), lowering the melting point of
the salt deposit and forming an innermost thermodynamically stable FeCl2-layer
(Fig. B.18). After a melt is formed, the mainly basic fluxing of iron and aluminium
oxides and the transport of their dissolved species in the negative solubility gradient
towards lower activities are governing the current degradation.
The inner dual-layered iron sulfide/oxide on Fe-15Al (Fig. 5.28) was developed
in the early propagation stage from formerly formed iron sulfate at low p(O2)
(Fig. B.18) according to:
4Fe+3FeSO4 
 3FeS+4Fe2O3. (5.13)
Regarding Fe-26Al, the presence of ZnAl2O4 is the decisive factor for the significant
decrease in mass loss compared to Fe-15Al since the dense and continuous zinc-rich
alumina will block both the outwards diffusion of mostly Fe2+-ions and inwards
diffusion of gaseous species.
The higher Al-content of Fe-40Al leads to an enhanced basic dissolution in a sulfate
melt (Fig. 2.4) according to Eq. (5.5), which reduces the a(O2−) at the metal/melt
interface, and the fluxing mechanism can change to sulfidation at low p(O2) by local
acidic fluxing as given in Eq. (5.14):
Al2O3+3SO
2−
4 
 Al2S3+3O
2−+6O2. (5.14)
Hence, the selective fluxing results in pitting (Fig. 5.28). Regarding atmospheric
SO2, the additional sulfur-source can oxidise sulfides selectively releasing sulfur,
which can react with the metal again as described in sec. 5.1.1.1. Thus, the
degradation is self-sustaining and the corrosion front migrates forward characterised
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Figure 5.29: SEM cross-sections of Fe-26Al beneath molten Na2SO4-K2SO4-CaSO4-
ZnSO4 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 600 °C. Left:
Overview. Right: Detail with concentration gradient of Fe, Al and oxygen.
by pitting. Therefore, both the oxidation of sulfides and the fluxing process will
determine the corrosion attack predominantly on Fe-40Al.
However, in conclusion, the higher Al-content decreases the degradation significantly
although the melt is still present and the corrosion is unsteady. Thus, a critical
concentration of Al necessary in order to perform an appropriate corrosion resistance
cannot be concluded within the testing duration. A comparison to sec. 5.1.1.3, where
the iron aluminides were exposed to KCl-ZnCl2, shows that the alloys are highly
susceptible to a molten salt attack. However, ZnAl2O4 seems to have a beneficial
effect on the degradation since it is not present in the scale beneath molten KCl-
ZnCl2.
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5.2 Biomass combustion conditions
5.2.1 KCl-K2SO4
5.2.1.1 Commercial materials
The influence on commercial alloys covered with a KCl-K2SO4 deposit and exposed
to a BtE atmosphere, i.e. N2-5%O2-22%H2O-13%CO2-0.02%HCl, was investigated
at 500 °C, 550 °C and 600 °C for 336 hours, whereas their mass loss is summarised
in Figure 5.30.
Results
A considerable increase in their degradation occurs for all alloys by increasing the
temperature up to 600 °C, thereby the lowest mass loss is found for alloys with a
high chromium and nickel content. The highest mass loss is found for both low and
high Cr-steels, whereas T 23 and T 92 are slightly more affected. According to the
mass loss, their scale thickness increases from 40-50 µm at 500 °C to roughly 100 µm
at 600 °C as exemplified in Figure 5.31 for 10CrMo9-10.
Regarding the kinetics, the corrosion rate of low and high alloyed Cr-steels is
similar to the kinetics of Fe-9Cr-5Al in sec. 5.2.1.2 (Fig. 5.34), while high Cr and Ni
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Figure 5.30: Mass loss results of steels and nickel-based alloys beneath KCl-K2SO4 in
N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 500 °C, 550 °C and 600 °C.
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Figure 5.31: SEM cross-sections of 10CrMo9-10 at 500 °C (left) and at 600 °C (right)
beneath KCl-K2SO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours.
alloys show a degradation rate comparable to Fe-9Cr-2.5Al-2.5Si and Fe-9Cr-5Ni-
2.5Al-2.5Si.
While at 500 °C and 550 °C the salt mixture is in the original solid state and
still in its white colour, the deposit at 600 °C is partially molten (Fig. A.6) and
shows a dark grey colour on low alloyed steels and a light yellow colour on T 92
and X20CrMoV12-1 as well as on high nickel and chromium alloys indicating the
presence of chromates.
Figure 5.31 shows the metallographic cross-section of 10CrMo9-10 at 500 °C and
600 °C as an example for low and high alloyed Cr-steels. The general morphology
of the oxide scale shows a layer pattern, i.e. the outer iron oxide is separated into
an outermost thin and porous hematite and an innermost thick and quite dense
magnetite layer, whereas both layers are partially detached.
The concentration of chromium increases towards the metal/scale interface at
all temperatures, whereas at 600 °C also Mo is enriched close to the bulk material,
while Mn is found in both the hematite and magnetite layer. At 500 °C, some pitting
occurred indicating a locally molten salt. At both 500 °C and 550 °C, chlorine is
found close to the metal/scale interface, while contrary no chlorine is detected at
600 °C.
Regarding the tungsten-containing alloys T 23 and T 92, both exhibit an inverse
iron oxide layer structure in relation to low/high Cr-steels, i.e. an outer thick
hematite and a relatively thin inner magnetite layer, where tungsten is detected
in a low concentration (Fig. 5.32). The inner layer of X20CrMoV12-1 comprises a
low amount of nickel.
Starting with Esshete 1250, high nickel and chromium containing alloys show
an excellent corrosion resistance concerning their mass loss with a scale thickness
between 2 µm and 15 µm. The oxide scale at the metal/scale interface comprises
nickel in a varying concentration depending on the nickel content in the bulk
material. At 500 °C, sulfur and chlorine are detected adjacent to the substrate of
Esshete 1250 and TP 347 H, while no chlorine is found on Sanicro 28 and Inconel 625.
At 600 °C, the inner scale of Sanicro 28 contains both sulfur and chlorine, while no
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Figure 5.32: SEM cross-sections of T 92 (left) and Inconel 625 (right) beneath
KCl-K2SO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C.
sulfur is observed on Esshete 1250, TP 347 H and Inconel 625, whereas pitting
occurred on Inconel 625 regarding Figure 5.32.
Discussion
The corrosion beneath solid chlorides is described in sec. 2.3. At present conditions,
solid KCl can react according to Eq. (2.35) releasing chlorine and forming chromates,
which is consistent with thermodynamic driving forces in the temperature range
between 500 °C and 600 °C (∆RGϑ = -(278-214) kJ/mol and Fig. B.20) and
indicated by the light yellow colour on high chromium and nickel containing alloys
at 600 °C. An additional chlorine source is the HCl, which can be oxidized as
described in the ’Deacon Process’ (sec. 2.1.1). Therefore, the present degradation is
predominantly discussed in terms of ’Active Oxidation’ since both chlorine sources
can enable the chlorine-induced catalytic cycle in an oxidising environment beneath
solid chlorides.
Regarding low and 9-12%Cr-steels at 500 °C and 550 °C, in particular iron and
chromium are affected and form solid FeCl2 and CrCl2 at the metal/scale interface
at appropriate partial pressures (Fig. B.23). Due to their high vapour pressures as
depicted in Table 2.3, volatile metal chlorides diffuse outwards and become oxidised
in the scale when the thermodynamic equilibrium is reached according to Table 2.4.
Therefore, chromia or chromium-rich spinels are found close to the matrix, while
FeCl2 is oxidised at higher p(O2) and formed a thick outer iron oxide layer.
As described in sec. 5.1.2.1 for low alloyed steels, their Cr-content is insufficient
to form a protective scale to prevent an outwards transport of volatile Fe- and Cr-
chlorides. Thus, due to their high activities, alloys with a higher chromium content
are more severely attacked. This can also be applied to 9-12%Cr-steels at present
conditions. Since local pitting occurred, the chlorides in the deposit can form low-
temperature molten eutectics, e.g. KCl-FeCl2 (Tab. 2.5), which may flux the oxide
layer at certain areas.
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At present conditions at 500 °C and 550 °C, both tungsten-containing alloys were
affected by tungsten as a primary chlorine- and oxygen-getter, while T 23 shows a
decrease in mass loss compared to low alloyed steels, it is slightly increased for T 92
in the governing ’Active Oxidation’ as extensively described in sec. 5.1.2.1.
At 600 °C, three aspects are the decisive factors for the increased mass loss of low
and high Cr-steels. First, the chemistry of the chloride-sulfate deposit can shift
towards a higher KCl-content according to Eq. (2.59) and by means of the lack
of SO2 as depicted in Figures 2.8 and 2.9, where potassium sulfate is converted
to its chloride below a p(SO2) of 10
−11 bar. Secondly, higher vapour pressures of
metal chlorides (Tab. 2.3) lead to an increased outwards diffusion of volatile chloride
species. Finally, partial ’Hot Corrosion’ enhances the the degradation due to the
formation of salt components and metal chlorides as well as chromates on 9-12%Cr-
steels, which reduces the melting point of an eutectic composition according to
Table 2.5.
The degradation of low/high Cr-steels at 600 °C is similar to their corrosion
described in sec. 5.1.2.1. Basic conditions are established in the molten salt deposit
since the atmosphere contains water vapour and a low SO3-concentration (sec. 2.4.2).
Hence, both chromia and chromates are more severely dissolved compared to
magnetite according to Eq. (2.45) and Figure 2.7b, whereas the non-protective
chromate formed according to Eq. (2.35) is highly soluble in both melt basicities
(sec. 2.4.2). Those chromates are crucial for the high degradation of T 92 and
X20CrMoV12-1 beneath KCl-K2SO4, since if no chromates are formed beneath
a pure sulfate melt (sec. 5.1.2.1), these materials will not be severely attacked
(Fig. 5.14). Thus, a protective oxide scale is hard to establish and steels high
in chromium are more severely corroded at present conditions than chromium-free
steels.
Regarding T 23 and T 92, both alloys are additionally affected at 600 °C by means
of their tungsten content, i.e. the initial ’Active Oxidation’ causes the presence of
W-oxides in the scale, which are subsequently highly soluble in the governing ’Hot
Corrosion’ by basic fluxing. Therefore, in comparison with sec. 5.1.2.1, the timing
of the governing corrosion mechanisms ’Active Oxidation’ and ’Hot Corrosion’ is an
additional crucial aspect for the severity of corrosion of tungsten-containing alloys
besides the thermodynamic driving force of tungsten and the Cr/W-composition.
Between 500 °C and 600 °C, alloys high in nickel and chromium show a significant
corrosion resistance by the formation of protective oxide layers, in particular NiO or
Ni-rich spinels, which are thermodynamically stable against ’Active Oxidation’ due
to their high Gibbs free energy of formation according to Table 2.1.
Although the strong yellow colour indicates the formation of chromates either
according to Eq. (2.35) or by the following reaction:
Cr2O3(s)+2K2SO4(s)+1.5O2(g)
 2K2CrO4(s)+2SO3(g), (5.15)
the melting point of a formed KCl-K2CrO4 eutectic is above 600 °C (Tab. 2.5), so a
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molten phase cannot be established, and thus, results in a significantly lower mass
loss (Fig. 5.30).
Since sulfur was detected close to the metal/scale interface of Sanicro 28, sulfides
may have formed from SO3 (Eq. (5.15)), which can diffuse inwards and can react
with the metal at appropriate activities. The formation of particular Cr-sulfides is
given in the following reactions:
2SO3 
 S2+3O2 (5.16)
6Cr+3.5S2 
 Cr6S7. (5.17)
Concerning the CO2-content in the gas phase, thermodynamic calculations with
a constant p(CO2) show that at very low p(O2) the formation of carbides are
thermodynamically stable. However, possible carburisation via the Boudouard
equilibrium and the subsequent typical ’Inner Oxidation’ by means of carbide
formation in the bulk material was not observed.
5.2.1.2 Modified ferritic 9%Cr-steels
The modified 9%Cr-steels were exposed to 500 °C and 600 °C for 336 hours and
identical testing conditions regarding the commercial steels in sec. 5.2.1.1.
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Figure 5.33: Mass loss results of 9%Cr-steels beneath KCl-K2SO4 in N2-5%O2-
22%H2O-13%CO2-0.02%HCl for 336 hours at 500 °C and 600 °C.
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Figure 5.34: Time rate of mass change of 9%Cr-steels beneath KCl-K2SO4 in N2-
5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C.
Results
Figure 5.33 shows their mass loss at both temperatures, where Fe-9Cr-5Al exhibits
the highest degradation, which is considerably increased at 600 °C and comparable
to low and high chromium commercial steels in the previous section (Fig. 5.30). At
500 °C, both Fe-9Cr-2.5Al-2.5Si and Fe-9Cr-5Ni-2.5Al-2.5Si show a similar low mass
loss, which is comparable to Sanicro 28 in Figure 5.30, while at 600 °C, the weight
loss of Fe-9Cr-2.5Al-2.5Si is significantly higher.
On both modified alloys Fe-9Cr-2.5Al-2.5Si and Fe-9Cr-5Ni-2.5Al-2.5Si, the salt
shows a yellowish discolouration after about 100 hours and remains in the solid
state, while the deposit on alloy Fe-9Cr-5Al is partially molten at 600 °C.
Figure 5.34 shows the result of the discontinuous kinetic test for 336 hours at 600 °C,
where Fe-9Cr-5Al exhibits a mass loss for the first 10 hours before an accelerated
oxidation occurs, which obeys a parabolic rate law. Both Al/Si and Ni modified
9%Cr-steels show a moderate scale growth rate, which is related to the linear kinetic
law.
Figure 5.35 shows a SEM cross-section of alloy Fe-9Cr-5Al as a comparison of
both temperatures, where at 500 °C, a small and well adherent scale is separated in
an outer Fe2O3 and an inner multi-layered oxide distinct by a darker innermost and a
brighter layer adjacent to the hematite. Alternating dark-bright layers are detected,
while the darker oxides are enriched in Cr and Al, the brighter ones contain low
amounts of both constituents besides iron. At the metal/scale interface, the thin
internal oxidation zone (ioz) is depleted in Al towards the matrix and contains
oxides of iron, chromium and aluminium. Additionally, neither chlorine nor sulfur
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Figure 5.35: SEM cross-sections of Fe-9Cr-5Al at 500 °C (left) and 600 °C (right)
beneath KCl-K2SO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours.
were found through the entire scale.
At 600 °C, Fe-9Cr-5Al forms a thick scale, which is rather porous and poorly
adherent to the substrate. The scale is composed of an external Fe2O3, followed
by an intermediate darker layer of mixed oxide solid solutions containing Fe, Cr
and Al. XRD reveals the presence of different spinel structures as FeCr2O4 and
(Fe,Al)(Al,Fe)2O4 as well as Cr2O3 and meta-stable alumina, i.e. (γ, θ)-Al2O3. In
the vicinity of the outer and inner layer, minor impurities of sulfur are observed.
Close to the substrate, the porous scale is enriched in iron, while low concentrations
of both Cr and Al were found. Local pitting takes place, where low concentrations
of potassium and chlorine were found, while sulfur was not detected. Close to
the metal/scale interface, both aluminium and chromium are depleted in the bulk
material. After 10 hours at 600 °C, mainly iron is found in the deposit besides traces
of chromium, where XRD indicates the formation of FeCl2 and CrCl2, whereas no
Al was detected. Potassium chromate was found after 100 hours, however, it was
not detected at the end of the testing period.
Regarding Fe-9Cr-2.5Al-2.5Si and Fe-9Cr-5Ni-2.5Al-2.5Si at 600 °C, the scale
thickness is considerably thinner compared to Fe-9Cr-5Al (Fig. 5.36). Both scales
are also separated into an external Fe2O3 layer and an inner darker layer of oxide
solid solutions of mainly iron enriched with the appropriate alloying elements. XRD
reveals various spinels such as Fe(Fe,Cr,Al)2O4 as well as Fe2O3 and meta-stable
Al2O3. Additionally, NiAl2O4 and NiO were observed for the Ni-containing 9%Cr-
steel.
While small amounts of potassium and chlorine are found in the innermost part
of Fe-9Cr-2.5Al-2.5Si, their concentration is significantly increased in the Ni modified
9%Cr-steel with a decreasing outwards gradient. Moreover, increased concentrations
of Cr, Ni, Si, and Al as well as potassium and sulfur are detected above the crack,
which separates the innermost zone containing chlorine from the outer chlorine-free
region.
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Discussion
Since the degradation mechanisms at identical testing conditions are already
discussed in sec. 5.2.1.1 for commercial alloys, the current discussion of modified
9%Cr-steels is focused on the corrosion behaviour of their alloying elements, i.e. Ni,
Al, and Si. While the corrosion of Fe-9Cr-5Al is similar to low and high chromium
commercial steels, e.g. 10CrMo9-10, the degradation of Fe-9Cr-2.5Al-2.5Si and Fe-
9Cr-5Ni-2.5Al-2.5Si is comparable to high Cr-/Ni-containing commercial alloys, e.g.
Sanicro 28.
At 500 °C, all alloys show an adequate corrosion resistance in the governing ’Active
Oxidation’, whereas Fe-9Cr-5Al suffers a slightly higher degradation. However, the
alloying additions are sufficiently high in order to form a protective oxide layer
against oxidation, chlorination and an aggressive molten deposit.
Regarding alloy Fe-9Cr-5Al at 600 °C, the initial catalytic chlorine cycle will
subsequently lead to a locally molten phase of molten eutectics and enable the
accelerated degradation via ’Hot Corrosion’. Both the accounted chromates formed
by Eqs. (2.35) and (5.15) and chromia can coexist at present conditions (Fig. B.22),
and their oxides are highly soluble in the established more basic melt due to the lack
of sulfur dioxide. In addition with the acidic aluminium oxide as well as iron oxide,
their dissolved species diffuse outwards along the negative concentration gradient
and precipitate at appropriate p(O2), which consequently leads to a rapid growth
of an external oxide scale.
Thus, the low quantity of aluminium, the conversion of chromia into chromates
and the severe fluxing of these high soluble oxides are crucial for the increased mass
loss of alloy Fe-9Cr-5Al at 600 °C at current testing conditions.
Additions of Si and Ni significantly improve the corrosion properties compared to
pure aluminium additions.
Silicon is a superior element in suppressing internal attack besides general
oxidation, while Ni has a quite low thermodynamic driving force to react with
KCl-K2SO4 KCl-K2SO4
Fe2O3
Fe2O3
20 µm20 µm
Figure 5.36: SEM cross-sections of Fe-9Cr-2.5Al-2.5Si (left) and Fe-9Cr-5Ni-2.5Al-
2.5Si (right) beneath KCl-K2SO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for
336 hours at 600 °C.
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chlorides [88,145]. Therefore, the formation of a protective silica layer would retard
the outwards diffusion of reactants via ’Active Oxidation’. However, if highly volatile
SiCl4 is formed, then it will contribute to a higher corrosion of Fe-9Cr-2.5Al-2.5Si
at 600 °C. Also ’Transient Oxidation’, i.e. the formation of rapid growing oxides
as the present NiO or Ni(Fe,Cr,Al)2O4, promote a chromia layer to be established
in order to protect the alloy against the governing ’Active Oxidation’ and prevent
the formation of a molten deposit although chromates are present. The presence
of chlorine close to the metal/scale interface on Fe-9Cr-5Ni-2.5Al-2.5Si indicates
that the cyclic chlorination-oxidation was not yet completed. However, a high
concentration of Ni in the inner oxide scale emphasises its noble property and
beneficial improvement against chlorination.
Therefore, the combined addition of Al, Si, and Ni provides an outermost effective
protection against both chlorine-bearing high-temperature biomass combustion
environments and simultaneously deposit-induced corrosion. In comparison with
commercial alloys tested in sec. 5.2.1.1, a low concentration of chromium and nickel
is required in order to achieve a superior corrosion resistance, i.e. alloy Fe-9Cr-
5Ni-2.5Al-2.5Si is highly competitive against advanced steels as Sanicro 28 in a
thermodynamical perspective.
5.2.1.3 Intermetallic iron aluminides
Results
Figure 5.37 shows the mass loss of binary iron aluminides exposed to 500 °C and
600 °C for 336 hours and identical testing conditions as in both previous sections.
Alloy Fe-40Al exhibits the best corrosion resistance at both elevated temperatures,
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Figure 5.37: Mass loss results of iron aluminides beneath KCl-K2SO4 in N2-5%O2-
22%H2O-13%CO2-0.02%HCl for 336 hours at 500 °C and 600 °C.
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Figure 5.38: Time rate of mass change of iron aluminides beneath KCl-K2SO4 in
N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C.
while Fe-15Al is significantly corroded. At 500 °C, both Fe-26Al and Fe-40Al show a
slightly increased mass loss than at 600 °C, whereas at this temperature, the deposit
on both intermetallics Fe-(15-26)Al is partially molten and shows the beginning of
pitting.
The discontinuous kinetic test for 336 hours at 600 °C shows that Fe-15Al
immediately turns into a rapid mass growth following a parabolic rate law, while
an accelerated corrosion of Fe-26Al occurred at the initial 10 hours followed by a
steady-state rate (Fig. 5.38).
SEM cross-sections of Fe-15Al and Fe-26Al show that both iron aluminides
exhibit a layer separation into a darker mixed oxide layer adjacent to the substrate
and an outer iron oxide layer (Fig. 5.39). While the iron oxide on Fe-15Al is distinct
into in innermost Fe3O4, an outermost Fe2O3 and separated by a dark porous layer
of iron and oxygen, alloy Fe-26Al comprises a pure external hematite layer. In
both intermetallics, the mixed oxide is characterised by a high Al- and a reduced
Fe-concentration and contains Fe2O3, meta-stable (γ, θ)-Al2O3 and spinels such
as Fe(Fe,Al)2O4. Alloy Fe-26Al shows additionally a low concentration of chlorine
and sulfur close to the metal/scale interface, where a depletion of aluminium in the
bulk material is detected. According to the low mass loss of Fe-40Al, almost no
oxide scale is found, therefore, the concentration of Al is sufficiently high to form
a protective and effective alumina against the governing corrosion mechanisms at
present conditions.
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Figure 5.39: SEM cross-sections of Fe-15Al (left) and Fe-26Al (right) beneath
KCl-K2SO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C.
Discussion
Regarding the iron aluminides at 600 °C, in particular Fe-15Al suffers a high
degradation in the governing ’Active Oxidation’ characterised by an initially rapid
scale growth, which is already discussed in sec. 5.2.1.1 for low and high Cr-steels at
500 °C and 550 °C. At present conditions, predominantly volatile FeCl2 are formed
diffusing rapidly outwards and decompose at appropriate oxygen activities into a
thick external iron oxide layer. In contrast, since the thermodynamical driving force
of aluminium-rich oxides such as Al2O3 or FeAl2O4 are much more negative, their
oxides are formed adjacent to the substrate at low p(O2) and p(Cl2) (Fig. B.24).
The initially and locally formed melt will additionally accelerate the degradation
by a predominantly basic fluxing of alumina according to Eq. (5.5) and Figure 2.4,
and indicated by the depletion of aluminium in the substrate near the metal/scale
interface.
However, the formation of an aluminium-enriched innermost mixed oxide scale
progressively blocks the outwards diffusion of volatile chlorides, and thus, the
corrosion rate is decreased depending on the Al-content in the bulk material, i.e. at
least 26 at.-% of aluminium.
Concerning the sulfur
found nearby the metal/scale interface, the thermodynamic driving force of iron
and aluminium sulfide formation is achieved at low p(O2) and corresponding high
p(Cl2), and given for iron in Eq. (5.4).
According to the slightly decreased mass loss of the Fe3Al and FeAl intermetallics
at 600 °C compared to 500 °C, the higher activity of Al and the more rapid
aluminium transport through the lattice at higher temperatures might be crucial
for the lower degradation. However, the diffusion of aluminium and its content
will control the scale growth, and the corrosion resistance of the iron aluminides.
Whether the change in the crystal structure of Fe-26Al between 500 °C and 600 °C
(D03 → B2; 545 °C) will influence the corrosion is not examined.
A comparison shows that Fe-40Al reveals a similar low mass loss as Sanocro 28
(Fig. 5.30) and as Fe-9Cr-5Ni-2.5Al-2.5Si (Fig. 5.33) at identical testing conditions.
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5.2.2 Na2SO4-K2SO4-CaSO4
5.2.2.1 Commercial materials
A second high temperature corrosion test was carried out in a BtE atmosphere
beneath a pure sulfate mixture of Na2SO4-K2SO4-CaSO4 for 336 hours at 600 °C.
Results
First, it should be noted that at present testing conditions the ferritic and bainitic
steels suffer the highest mass loss throughout the total test series, i.e. a mass loss
of 350-450 mg/cm2 (Fig. 5.40). 9-12%Cr martensitic steels exhibit a significant
decrease in weight loss, whereas X20CrMoV12-1 is slightly more affected than T 92,
while alloys high in chromium and nickel were almost not corroded.
Figure 5.41 shows the result of a discontinuous kinetic experiment for 336 hours
at 600 °C in order to analyse the corrosion rate of 10CrMo9-10, X20CrMoV12-1,
and Sanicro 28. In the initial 30 hours, all tested alloys have a similar low mass gain
characterised by a paralinear rate law, which continuous for both X20CrMoV12-1
and Sanicro 28 till the test end. In contrast, alloy 10CrMo9-10 shows an enhanced
mass gain, i.e. break-away corrosion, around 100 hours, which is represented by a
paralinear rate law within the remaining test period.
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Figure 5.40: Mass loss results of steels and nickel-based alloys beneath
Na2SO4-K2SO4-CaSO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at
600 °C.
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 10CrMo9-10
 X20CrMoV12-1
 Sanicro 28
Figure 5.41: Time rate of mass change
of selected steels beneath Na2SO4-K2SO4-CaSO4 in N2-5%O2-22%H2O-13%CO2-
0.02%HCl for 336 hours at 600 °C.
The oxide scale thickness of low Cr-steels is about 500-700 µm and between 15 µm
and 30 µm for high Cr-alloyed steels. Although a corrosion layer of TP 347 H,
Sanicro 28 and Inconel 625 is hard to detect, their salt deposit shows a bright yellow
colour indicating the presence of K2CrO4 and proven by XRD, which also detected
alkali chlorides.
Figure 5.42 shows the sectional view of 13CrMo4-4 as exemplified for low alloyed
steels. The external and thick iron oxide is separated into an outermost porous
hematite and an innermost thin magnetite layer including additions of chromium,
sulfur and chlorine. A powdery inner layer separates the iron oxide from the bulk
material and consists of dark and bright shaded areas. While the latter one comprises
iron-rich oxides and additions of chromium and chlorine as well as traces of the salt
metals and sulfur, the dark areas containing mainly iron oxide instead. Manganese
is present in both areas, whereas enriched in the brighter ones. XRD reveals the
presence of magnetite, chromia, and Franklinite (Fe,Mn)(Fe,Mn)2O4) in the powdery
scale.
After 100 hours, the micrograph of 10CrMo9-10 shows that a phase of
fused sulfates exists containing chlorine, manganese and precipitates of Fe2O3
(Fig. 5.43), whereas XRD identified FeCl2, CaSO4, KCl and the langbeinite-sulfate
K2Ca2(SO4)3 (Eq. (2.61)). Moreover, the iron oxide is separated into a comparably
thick hematite and magnetite layer, which indicates that the thick Fe2O3 of low
Cr-steels in Figure 5.42 is predominately formed after 100 hours. Additionally, a
Cr-rich iron oxide layer is formed on top of the already existing powdery layer at
the metal/scale interface.
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(Na2-K2-Ca)SO4
Fe2O3
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Figure 5.42: SEM cross-sections of 13CrMo4-4 (left) and Esshete 1250
(right) beneath Na2SO4-K2SO4-CaSO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl
for 336 hours at 600 °C.
9-12%Cr-steels as well as high Cr-/Ni-alloys show a compact and dense oxide
morphology as exemplified for Esshete 1250 (Fig. 5.42). On top of the specimens,
the salt deposit appears still in the solid state. The oxide scale is subdivided into an
outer layer consisting of mainly Fe2O3 and traces of Cr and Mn, while the inner layer
contains oxide solid solutions of iron and chromium as well as a low concentration
of Ni, Mn, V and Mo. Furthermore, at the metal/scale interface of T 92, a low
concentration of W was observed, while Ni was found in the innermost scale of
X20CrMoV12-1.
Discussion
Regarding low Cr-steels, the initial corrosion is governed by the ’Active Oxidation’
mechanism and is rate-determining for approx. 100 hours, which can be referred to
as the initial stage. Consequently, a melt was established and the degradation was
mainly governed by ’Hot Corrosion’ accompanied with a severe mass gain in the
so-called propagation stage.
The initial ’Active Oxidation’ is effected by HCl or via alkali chlorides, which
can be formed according to Eq. (2.59) and are thermodynamically stable below the
equilibrium partial pressure of SO2 of approx. 1.81·10
−11 bar at present conditions.
According to the diagrams on the right hand side in both Figures 2.8 and 2.9, at
the given p(HCl)/p(SO2) ratio calcium will remain stable as its sulfate, while both
potassium and sodium sulfate can be converted into their chlorides, which is proven
by XRD as mentioned above. Both FeCl2 and MnCl2 requires a relatively high p(O2)
to become oxidised (Fig. B.25 and B.26, Tab. 2.4), whereas the thermodynamic
driving force to convert Mn-chloride to its oxides such as Mn2O3 or Mn3O4 are
positive (∆RG600 ◦C = 3-19 kJ/mol).
Therefore, chlorides of both iron and manganese are present in the salt deposit
and will promote a melting point below 600 °C (Tab. 2.6). Since the diffusion
via liquid phase transport is much faster than in the solid state, the presence of a
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Figure 5.43: SEM cross-sections (left) and micrograph (right) of 10CrMo9-
10 beneath Na2SO4-K2SO4-CaSO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for
100 hours at 600 °C.
molten deposit is accompanied by an increased corrosion rate of low Cr-steels. The
related fluxing mechanism in a chloride-sulfate melt is described for low and high
Cr-steels in sec. 5.2.1.1. Predominately iron will form dissolved species according
to Eqs. ((2.55), (2.56), (5.6), (2.40) or (2.39), which migrate outwards along their
negative concentration gradients, become oxidised at appropriate activities and form
a voluminous outer iron oxide layer. The low Cr-content and the formed innermost
magnetite are insufficient to prevent the diffusion rates of gaseous species, thus,
although the molten phase is converted into oxide after 336 hours, the low Cr-
containing alloys are still affected by ’Active Oxidation’ since their degradation is
still transient (Fig. 5.41).
Additionally, the powdery scale at the metal/scale interface of low Cr-
steels (Fig. 5.42 and 5.43) indicates that the alloys are severely attacked by
gaseous reactions including chlorination and sulfidation since both HCl and
SO2 originated from Eq. (2.59) can migrate inwards through cracks and voids.
At appropriate partial pressures, metal chlorides (Eq. (2.20)), volatile metal
oxychlorides (Eqs. (5.18) and (5.19)), and sulfides (Eqs. (5.4) and ( 5.20)) can be
formed.
Fe+0.5O2+0.5Cl2 
 FeOCl(g) (5.18)
FeClx(g)+nH2O(g)
 FeOnClx(g)+n/2H2 (5.19)
4FeCl2+2SO2 
 Fe3O4+FeS2+4Cl2. (5.20)
The standard-state Gibbs free energy of formation of metal chlorides is given in
Table 2.1. Thus, the oxidation and sulfidation of the established chlorides form
the powdery layer, which is additionally crucial for the increased mass gain of low
alloyed steels (Fig. 5.41).
Therefore, the governing corrosion mechanisms of low Cr-steels at present
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conditions are ’Active Oxidation’, ’Hot Corrosion’ and chlorination/sulfidation in
the powdery layer, which hinder the formation of a protective oxide layer.
Since the salt remains in the solid state, the governing corrosion on 9-12%Cr-steels
is the ’Active Oxidation’, which causes a higher degradation compared to high Cr-
/Ni-containing alloys due to their lower Cr-content and the lack of Ni. However,
the Cr-concentration is sufficiently high to avoid breakaway corrosion, instead, the
corrosion rate is rather low due to the formation of a protective inner chromium-rich
layer.
The degradation of high chromium and nickel containing alloys is similar to the
corrosion beneath a KCl-K2SO4 concerning chromate formation and discussed in
sec. 5.2.1.1 starting with Esshete 1250.
Influence of carbon dioxide
In order to investigate the effect of carbon dioxide, the CO2 concentration was
doubled, i.e. 26 vol.-% CO2 in the gas atmosphere at otherwise identical conditions.
Due to their excellent corrosion behaviour at present testing conditions, high Cr-
/Ni-alloyed steels and the nickel base alloy were not tested. Figure 5.44 compares
the mass loss of both 13 vol.-% and 26 vol.-% of carbon dioxide. After doubling
the content of carbon dioxide, the metal degradation increases for low alloyed steels
except alloy T 23, while high chromium steels show almost no difference in weight
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Figure 5.44: Mass loss results of steels and nickel-based alloys beneath
Na2SO4-K2SO4-CaSO4 in N2-5%O2-22%H2O-(13-26)%CO2-0.02%HCl for 336 hours
at 600 °C.
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change. T 23 depicts a significantly lower corrosion at 26 vol.-% CO2, which is
approx. four times lower compared to the mass loss at 13 vol.-% CO2.
The presence of a higher CO2-content in combustion environments increases the
scaling rate of low alloyed steels described in sec. 2.1.7. Additionally, the penetration
of CO2 through the oxide scale and the subsequent deposition/dissolution of carbon
when reaching the equilibrium (Eq. (2.26)) prevents the formation of a protective
oxide scale, i.e. chromia, by forming Cr-carbides, and thus-, the degradation is
enhanced. In particular, Cr23C6 is susceptible against chlorination and can cause
the formation of CrCl2 according to Eq. (2.22).
Regarding T 23, tungsten carbides are thermodynamically more stable compared
to chromium carbides (Fig. B.28). Hence, if carbon is dissolved in the scale or
substrate, then W-carbides will be predominately formed. Therefore, the chromium
reservoir is not depleted and able to form a protective chromia layer resulting in a
lower mass loss of T 23.
Moreover, the necessary activity of carbon in order to enable ’Metal Dusting’
(aC ≥ 1) is not achieved at present conditions.
5.2.2.2 Modified ferritic 9%Cr-steels
The modified 9%Cr-steels were exposed to 600 °C for 336 hours and identical testing
conditions regarding the commercial steels in sec. 5.2.2.1.
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Figure 5.45: Mass loss results of 9%Cr-steels beneath Na2SO4-K2SO4-CaSO4 in
N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C.
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Figure 5.46: SEM cross-sections of Fe-9Cr-5Al for 30 hours (left) and 336 hours
(right) beneath Na2SO4-K2SO4-CaSO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl at
600 °C. Right: Concentration gradients through the scale of Fe, Cr, and Al (EDX
line-mapping).
Results
Figure 5.45 shows that Fe-9Cr-5Al suffers the highest mass loss, which is similar to
the commercial 9%Cr-steel T 92 (Fig. 5.40). Both alloys Fe-9Cr-2.5Al-2.5Si and Fe-
9Cr-5Ni-2.5Al-2.5Si are almost not corroded and their mass loss is comparable with
that of Sanicro 28, which is high alloyed in chromium and nickel. Furthermore, the
kinetic test of Fe-9Cr-5Al is similar to the time rate of mass change of the same alloy
underneath a chloride-sulfate mixture in the previous chapter (Fig. 5.34). Moreover,
the salt deposit was not in the molten state for all tested alloys.
Figure 5.46 on the left hand side shows that alloy Fe-9Cr-5Al is initially locally
corroded, whereas the oxide scale is severely separated into an external iron oxide of
an outermost Fe2O3 and an innermost Fe3O4 layer, and a sub-scale with an internal
oxidation zone (ioz). The darker sub-scale layer (I) contains a mixed oxide of Fe,
Cr, and Al, in particular Hercynite [(Fe,Al)(Al,Fe)2O4] as well as Cr2O3 and Al2O3.
The internal oxidation zone consists of oxide precipitations of primarily Al2O3 and
Cr2O3. Figure 5.46 on the right hand side shows the concentration gradient of
Fe, Cr, and Al in the bulk material and across the oxide scale. In layer (II),
the iron concentration decreases, while the concentrations of Al and Cr are rather
constant compared to their bulk concentration. In layer (I), the Fe-concentration is
significantly decreased and the Al-concentration is slightly increased, while the Cr
amount remains quite constant. A depletion of the more reactive element, i.e. Al,
in the bulk material is not observed. Moreover, chlorine or sulfur were not found in
the oxide scale at the end of the testing period, however, chlorine was detected after
the initial 30 hours at the interface of sub-scale (I) and (II).
Regarding the initial oxide growth (Fig. 5.46 left), both the external iron oxide
and the sub-scale layer (II) (ioz) are formed at the beginning, before an intermediate
layer, i.e. sub-scale layer (I), is formed by nucleation of internal oxides. The inwards
growth of the internal oxidation zone as well as the outwards growth of iron oxide
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progress with time. This will be contrary regarding the corrosion of Fe-15Al as
discussed in the subsequent sec. 5.2.2.3.
Discussion
The present degradation is characterised by ’Active Oxidation’ as the governing
corrosion mechanism, where the alloy is effected by HCl or via alkali chlorides as
described in the previous sec. 5.2.2.1 for low Cr-steels.
The lateral growth of an external iron oxide layer and an inwards growing ioz of
Cr- and Al-rich oxides occurs due to their different thermodynamic driving forces
at present conditions. The ternary TSD (Fig. B.23) shows that iron chlorides are
thermodynamically stable at high p(O2), therefore, iron becomes selectively attacked
by ’Active Oxidation’ leading to a depletion of iron in sub-surface (I), (II) and ioz
(Fig. 5.46 right) by its outwards diffusion via FeCl2 and forms the external hematite
layer when it becomes oxidised at appropriate activities. In contrast, chromium and
aluminium form their oxides already at quite low partial pressures of chlorine and
oxygen, and thus, exclusively found in the sub-scale as Cr2O3, Al2O3 or iron-rich
spinels, i.e. Fe(Cr,Al)2O4.
The formation of a continuous layer of these spinels decrease the corrosion rate
of Fe-9Cr-5Al (Fig. A.8) by blocking the inwards and outwards diffusion of ions.
Also the ’Third-Element Effect’, i.e. here the synergistic effect of Cr and Al,
where chromium acts as a secondary getter of oxygen and decreases its inwards
flux. Consequently, chromium can ensure and enable the diffusion of aluminium to
the metal/scale interface, and subsequently, promoting the growth of a continuous
alumina layer. This theoretical objective is partially achieved in the intermediate
sub-scale (I), which is significantly enriched in aluminium while the chromium
concentration is slightly increased. Therefore, the inwards migration of oxygen is
hindered by means of the third element, i.e. Cr, and further internal oxidation may
be avoided. Nevertheless, the threshold concentration of Al required to achieve an
optimum resistance against ’Active Oxidation’ has to be further increased.
Regarding the 9%Cr-steels modified with additions of nickel and silicon, both
alloying elements are beneficial to improve the corrosion resistance at present
exposure conditions. Their excellent corrosion resistance is obtained due to selective
oxidation, i.e. formation of protective alumina (γ, θ) or silica, as well as fast growing
NiO or nickel- and iron-rich spinels such as Ni(Fe,Cr)2O4 or Fe(Al,Cr)2O4 as well
as the silicate Fayalite. Their formation is superior and more effective against the
governing ’Active Oxidation’. Silicon has been reported to increase the flux of Al
in Fe-Al alloys by means of ternary interactions [175]. Ni migrates outwards much
more rapidly than Al or Cr to form protective Ni-oxide layers as demonstrated for
binary Ni-Cr alloys [39].
The model proposed by Astemann (sec. 3.2), where Cr-rich oxide solid solutions
of α-(Cr,Fe)2O3 act as a template for the formation of Al-rich α-(Al,Cr)2O3,
which is later converted into α-Al2O3, cannot be excluded and needs additional
investigations, however, due to the chlorine-bearing environment it is not likely.
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Therefore, it can be concluded that the quality and quantity of alloying additions
such as Ni, Al, and Si can significantly improve the corrosion resistance of 9%Cr-
steels in chlorine-bearing environments and make them competitive to high Cr- and
Ni-containing alloys as the commercial steel Sanicro 28.
5.2.2.3 Intermetallic iron aluminides
Results
Figure 5.47 shows the mass loss of binary iron aluminides exposed to 600 °C for
336 hours and identical testing conditions as in the previous sections. Alloy Fe-
15Al is severely attacked, while both iron aluminides Fe-26Al and Fe-40Al are
quite corrosion resistant at present conditions, whereas Fe-40Al shows almost no
degradation. In comparison with commercial steels, the latter one shows a similar
result as the high alloyed steel Sanicro 28 in sec. 5.2.2.1 (Fig. 5.40). Compared to
the modified 9%Cr-steels, alloy Fe-15Al suffers a higher degradation than Fe-9Cr-
5Al (Fig. 5.45), where the corrosion product is locally grown (Fig. 5.46 left) instead
of a continuous scale as formed on Fe-15Al (Fig. 5.48 right).
The corrosion kinetics of Fe-15Al obeys a parabolic rate law, after 336 hours
its degradation is still transient and higher compared to Fe-9Cr-5Al (Fig. A.8).
Figure 5.48 shows the oxide scale of Fe-15Al in a SEM cross-section after 336 hours,
which is quite similar compared to Fe-9Cr-5Al (Fig. 5.46) regarding the severe
layer separation of an external iron oxide and a sub-scale layer with a fine-grained
internal oxidation zone (ioz). The external iron oxide layer is also separated into
an outermost thin Fe2O3 and an innermost thick Fe3O4 layer (Fig. 5.49, 336 h).
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Figure 5.47: Mass loss results of iron aluminides beneath Na2SO4-K2SO4-CaSO4 in
N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C.
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Figure 5.48: SEM cross-sections of Fe-15Al beneath Na2SO4-K2SO4-CaSO4 in N2-
5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C. Left: Centred corrosion
product with concentration gradients of Fe, Al, and oxygen (EDX line-mapping).
Right: Corrosion product at the edge shows the original surface.
In layer (I), Fe-rich spinels such as Fe3O4 and FeAl2O4 as well as meta-stable (γ,
θ)-Al2O3 are present.
Regarding the concentration gradient of the concerned elements, the iron
concentration decreases outwards in both layer (II) and (I) compared to its bulk
concentration, whereas it is considerably low in the latter one. However, its
concentration is increasing in the external iron oxide layer, where no aluminium
is present. The aluminium concentration in layer (II) is similar to its bulk
concentration, while it is significantly increased in layer (I). This is in contrast
to alloy Fe-9Cr-5Al, where Al is only slightly increased in the intermediate layer
(Fig. 5.46). A depletion of aluminium in the bulk is not observed.
Figure 5.49 shows the oxide scale growth of Fe-15Al at different time periods and
600 °C. After 10 hours, a dual growth of the external Fe2O3 and the internal oxide
layer (I) is observed, where FeCl2 are present. Further in time, the lateral oxide
scale growth is accompanied with the formation of a new innermost penetration
zone (ioz), which is already present after 30 hours. This is in contrast to Fe-9Cr-
5Al (Fig. 5.46 left), where both the outer iron oxide layer and the ioz were initially
formed, and then, a sub-scale layer (I) was established.
Since the mass loss of both Fe-26Al and Fe-40Al is quite low and an oxide scale
hardly detectable, their degradation will not be discussed in detail. Their oxide scale
is thin, well-adherent and prevents the alloy suffering severe corrosion. However, on
alloy Fe-26Al there are some Fe2O3 nodules formed (Fig. 5.50), where underneath
a local internal oxidation zone may occur as reported by [194].
Discussion
The characteristics of the governing corrosion mechanism, i.e. ’Active Oxidation’
enabled by HCl or alkali chlorides, is described in both previous sections regarding
116 CHAPTER 5. RESULTS AND DISCUSSION
50 µm
(Na2-K2-Ca)SO4
iron oxide
I
iron oxide
iron oxide
iron oxide
I
I
I
iozII II ioz
ioz
(Na2-K2-Ca)SO4
(Na2-K2-Ca)SO4
10 h 30 h
336 h100 h
50 µm
50 µm50 µm
10 µm
Fe2O3
Fe3O4
Figure 5.49: SEM cross-sections of Fe-15Al beneath Na2SO4-K2SO4-CaSO4 in N2-
5%O2-22%H2O-13%CO2-0.02%HCl at 600 °C and different exposure periods. The
polished sample after 336 h reveals a varied morphology of the iron oxide layer
comprising an outer, fine grained Fe2O3 and a thicker inner, coarse grained Fe3O4
layer (small image).
different thermodynamic driving forces of alloying elements, which becomes
selectively oxidised, and leading to a duplex layer growth. Accordingly, an overview
of the oxide scale on Fe-15Al is given in Figure 5.51, where the layer configuration
and ’Active Oxidation’ as the dominant corrosion mechanism are schematically
drawn.
In the binary iron aluminide Fe-15Al, both FeCl2 and AlCl3 can co-exist at
relatively low p(O2) close to the metal surface referred to Figure B.29. Due to the
thermodynamical stability, sub-scale (I) is enriched in aluminium by oxide solid
solutions such as FeAl2O4 and (meta-stable) Al2O3 besides Fe3O4. A possible
reaction is given in Eq. (5.21):
FeAl2O4(s)+Cl2(g)
 Al2O3(s)+FeCl2(g)+0.5O2(g). (5.21)
The volatile iron chloride diffuses outwards across sub-scale (I) and decompose at
the scale/gas interface and appropriate p(O2) according to Eq. (2.21) leading to a
depleted and void-rich porous sub-scale (II) as an internal oxidation zone, which
consists of selectively oxidised alumina precipitates.
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Figure 5.50: SEM micrograph of Fe-26Al beneath Na2SO4-K2SO4-CaSO4 in N2-
5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C. Fe2O3-nodules have
been formed on the surface due to local defects. Left: Overview. Right: Detail.
The unsteady kinetics of alloy Fe-15Al indicates that both the external thick
magnetite and the Al-rich sub-scale (I) are not effective to prevent a further
degradation via blocking the ion diffusion. Thus, the low Al-content is not sufficient
to provide a protective oxide layer and to suppress ’Active Oxidation’ at present
conditions.
Although several authors, e.g. [128, 195], mentioned that the growth rate of the
oxide scale cannot be explained by Wagner’s theory alone, iron is essential for the
observed degradation process of Fe-15Al at present conditions since Fe2O3 grows
much more rapidly than Al2O3 [39] resulting in a surface initially covered by a
non-protective hematite layer.
Early stages of protective oxide layer growth on binary iron aluminides in
oxidising atmospheres at different elevated temperatures has been studied by Pöter
et al. [196]. The competitive growth of two immiscible oxides, i.e. α-Fe2O3 and
α-Al2O3, is described, where both oxides nucleate separately at the beginning. If
the temperature is low (< 900 °C), then α-Fe2O3 will grow faster than α-Al2O3.
So the conjunction of both volatile iron chlorides and the growth behaviour of iron
in the early stages are responsible for the occurring degradation process at present
conditions.
Moreover, oxide solid solutions of Fe-Al spinels and Al2O3 in sub-scale (I) form
short circuit pathways that are attributed to the effective fast oxygen inwards
diffusion. Subsequently, internal oxidation occurs and both external iron oxide
growth and internal oxidation are responsible for the severe corrosion attack. In
fact, the enhanced internal transport of oxygen along the metal/bulk interface has
been reported for the oxidation of Fe-Al by Guruswarni et al. [197].
In order to investigate the precipitates in the internal oxidation zone of Fe-15Al,
TEM examinations were carried out as shown in Figure 5.52. In fact, the issue
of selectively oxidised Al is well known [95, 128], however, the knowledge of the
prevailed alumina phase is most important concerning its capability of protection,
which strongly depends on the exposure conditions. In the internal oxidation zone
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Figure 5.51: Schematic image of Fe-15Al beneath Na2SO4-K2SO4-CaSO4 in N2-
5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C. Outwards diffusion of
volatile FeCl2 is rate-determining.
of Fe-15Al, non-oxidised α-Fe is clearly identified in the matrix and given by the
indexed selected area diffraction (SAD) (Figure 5.52 left). This is in accordance with
thermodynamical stabilities according to Figure B.29, where metallic iron remain
stable at quite low p(O2). The left overview image in Figure 5.52 shows precipitates
as bright areas (white dashed frame), which are shown in detail in the right image.
An EDX analysis reveals the presence of aluminium and oxygen, however, the
Fast Fourier Transformation (FFT) image could not adequately clarify the present
alumina phase although the deviant angles and inter-planar distances (IPD) in the
lattice planes let conclude the Corundum lattice system, i.e. rhombohedral α-Al2O3.
This type of alumina is usually found at higher temperatures than the present 600 °C,
however, their formation depends on several factors as mentioned in sec. 3.1. Since
the alloy is not doped with RE, the growth of (α-)Al2O3 is probably by outwards
diffusion of Al3+ and inward diffusion of oxygen.
In fact, another possible alumina is the unstable intermediate phase κ’-Al2O3,
which also belongs to the hexagonal crystal family, its transformation series is
discussed to be first meta-stable κ-Al2O3 and subsequently the stable α-Al2O3 [115].
Compared to the modified 9%Cr-steels (sec. 5.2.2.2), Fe-9Cr-5Al is more effective
to resist against chlorination and oxidation due to synergistic effects by means of
the selective oxidation of both Al and Cr according to the ’Third-Element Effect’
as shown in Figure 5.46. In contrast, the internal oxidation zone on Fe-9Cr-5Al is
initially formed, while the ioz does not appear until the established p(O2) is low
enough to oxidise Al selectively (Fig. 5.49).
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Figure 5.52: Fe-15Al beneath Na2SO4-K2SO4-CaSO4 in N2-5%O2-22%H2O-
13%CO2-0.02%HCl for 336 hours at 600 °C. Left: Dark-field STEM overview image
with SAD-pattern. White dashed frame: Al- and oxygen-rich particle. Right: Detail
view of the white dashed frame (left image) of a HR-TEM image including the
corresponding FFT image of the internal oxidation zone.
Concerning the nodules formation on Fe-26Al (Fig. 5.50), Boggs [198] has proposed
that iron-rich nodules are formed after the Al2O3 scale has become well developed
resulting in a substrate depletion of Al. If a crack in the alumina scale occurs, then
oxygen will easily penetrate to the iron-rich substrate leading to a local growth of
iron oxides at that defect. Nodules appear massively at temperatures below 800 °C
in spite of α-Al2O3 or meta-stable aluminas [95]. Further, water vapour significantly
enhances nodules formation at elevated temperatures [108].
In conclusion, alloy Fe-40Al indicates that the reservoir of Al is sufficient to form
a protective alumina scale at present testing conditions. Concerning the results of
Fe-15Al, the formation of α-Al2O3 on Fe-Al alloys could not be excluded. Therefore,
if both stable and meta-stable (transition) alumina were formed, their aluminium
oxide will predominantly grow by outwards diffusion of cations, i.e. Al, and form
a protective layer. Thus, the crucial aluminium concentration required to sustain
relatively low corrosion rates is approx. 26 at.-%.
Chapter 6
Summary
Lab-scale high-temperature corrosion tests were carried out to investigate the
oxidation of commercial steels with increasing Cr-levels, a Ni-base alloy, modified
9%Cr-alloys, and binary Fe-Al intermetallics. In particular, both the modified 9%Cr-
steels with additions of Ni, Al, and Si, and the iron aluminides with different Al-
contents were examined in order to determine whether the variation in quality and
quantity of those alloyed elements will lead to an improved corrosion resistance.
For the lab-scale tests, non-preoxidised specimens of the testing alloys were
covered with synthetic salt deposits and exposed to flue gas of either a Municipal
Solid Waste incineration atmosphere (N2-8%O2-15%H2O-0.2%HCl-0.02%SO2) or
a biomass combustion environment (N2-5%O2-22%H2O-13%CO2-0.02%HCl) in a
temperature range between 320 °C and 600 °C. Both atmospheres differ concerning
their content and composition, in particular HCl, SO2, and CO2. The salt
deposits comprise either pure chlorides, i.e. KCl-ZnCl2, or pure sulfates, i.e.
Na2SO4-K2SO4-CaSO4-ZnSO4 and Na2SO4-K2SO4-CaSO4, or a potassium chloride-
sulfate mixture (KCl-K2SO4). The degradation of the materials was determined
concerning their mass loss, kinetics, and scale analysis. The specimens were
examined by SEM/EDX and EPMA to analyse the scale composition as well as
by analysis techniques including XRD, EBSD, and TEM to identify the present
phases.
In general, two main corrosion mechanisms affected the materials at present
conditions, i.e. the catalytic chlorine-cycle ’Active Oxidation’ and the degradation
beneath molten salt deposits referred to as ’Hot Corrosion’. Both mechanisms
increased the corrosion rate in comparison with their absence, i.e. ’Hot Corrosion’
at moderate temperatures, and the presence of chlorine in a gaseous, molten or
solid state at even lower temperatures. The degradation was discussed regarding
the influence of the alloy composition, i.e. quality and quantity of alloyed elements,
and the thermodynamic driving force in terms of activities and gradients in the
governing corrosion mechanisms.
Since in waste incineration conditions with a chloride salt deposit corrosion occurs
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faster even at elevated temperatures, one part of this study was focused on the
degradation of materials beneath a molten KCl-ZnCl2 eutectic exposed for 336 hours
at 320 °C, in order to simulate conditions at waterwalls.
Regarding the commercial alloys, on low alloyed steels mainly iron was dissolved
as iron chloride in the chloride melt and formed a rapid growing, non-protective
outer hematite layer due to the low chromium content.
A similar corrosion was obtained for 9-12%Cr-steels, however, their chromia layer
was more continuous, and hence, more protective against further ’Active Oxidation’
when the melt was consumed.
The exposure of both T 23 and T 92 showed that their degradation was
considerably influenced by the alloying element tungsten, which is comprehensively
discussed in a comparable corrosion test beneath a molten Na2SO4-K2SO4-CaSO4-
ZnSO4 deposit.
The relatively high Mn-content in the bulk material had a detrimental effect
beneath a chloride melt, which explains the higher corrosion of Esshete 1250 and
TP 347 H compared to 9-12%Cr-steels. The thermodynamical driving forces to
form soluble Mn-chlorides and Mn-oxide precipitates were crucial for the higher
degradation of both alloys.
The interaction of both chromium and nickel, i.e. the low solubility of Cr into
an established chloride-sulfate melt and the relatively high Gibbs free energy of
formation for nickel chloride, lead to an excellent corrosion resistance of Sanicro 28
and Inconel 625.
Regarding the modified 9%Cr-steels, the result of an additional investigation of
the chloride solubility of pure metals at identical testing conditions showed that Fe
and Ni were highly soluble, while Cr and Si were scarcely dissolved in the melt.
Aluminium revealed an initially enhanced solubility of aluminium chloride and a
decrease in its concentration advanced in time. Neither Cr, Al, Si nor Ni were able
to decrease the severe corrosion attack beneath the chloride melt. The initial ’Hot
Corrosion’ was comparable to low alloyed commercial steels.
Regarding Fe-9Cr-5Ni-2.5Al-2.5Si, both Ni and Al exhibited an initially increased
dissolution into the melt, which was besides iron crucial for the alloy’s much more
rapid degradation compared to the Al or Al/Si alloyed 9%Cr-steels.
The Fe-9Cr-5Ni-2.5Al-2.5Si depicted the lowest corrosion rate compared to both
other model alloys during the catalytic chlorine-cycle. Nevertheless, its mass loss
was akin to the identically tested commercial 9%Cr-steel T 92, so there was no
improvement in corrosion resistance obtained.
Iron aluminides provided a high solubility of both elements. The initial corrosion
was a succession of the following interactions: evaporation of ZnCl2, conversion into
a molten chloride-sulfate salt, dissolution of metal species, and their subsequent
precipitation as oxides.
At the beginning, the rate-determining step was the chloride-sulfate melt-induced
corrosion mechanisms of both the solubility of metal chlorides and the fluxing of
oxide-ions by basic dissolution of mainly Fe (Fe-15Al) and Al (Fe-40Al).
Contrary, for Fe-26Al the ’Active Oxidation’ played a minor role. Mainly the
Fe-Al-ratio of the bulk material and of the inner oxide scale consisting of the spinel
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structure might be an effective barrier to prevent the inwards diffusion of chlorine,
and therefore, decisive for a lower corrosion.
A second test was carried out in waste incineration conditions beneath a Na2SO4-
K2SO4-CaSO4-ZnSO4 deposit for 336 hours. The main corrosion of the commercial
alloys was due to the ’Active Oxidation’. A clear tendency in the corrosion resistance
was observed: the higher the Cr-/Ni-concentration in the bulk material forming a
protective oxide layer, the lower the degradation.
At 600 °C, an enhanced metal loss of low and high chromium steels occurred.
Steels with a chromium content of 2.25% were more severely attacked than Mo-steels.
An opposite corrosion behaviour was obtained for both tungsten containing alloys
T 23 and T 92. In order to study the influence of tungsten on the corrosion, exposure
tests on model steels (2.25%Cr and 9%Cr) with different W-contents (0-3 wt.-%)
were carried out in various atmospheres at 600 °C for 12 hours and 336 hours,
respectively, with and without a salt deposit, respectively.
The model alloys showed that their corrosion was strongly affected by the
thermodynamic driving force of tungsten and the Cr/W-composition in the oxide
scale. These results were applied on the degradation of commercial steels as follows:
In principle, T 22 was slightly more attacked by the sulfate-chloride mixture than
T 23 since tungsten reduces the oxide-ion activity in the melt, hence, chromium is
less affected. The difference was more distinctive in the case of P 91 and T 92.
When ’Active Oxidation’ was the predominant corrosion mechanism, T 22 was
more susceptible compared to T 23 since both chromium and tungsten oxides will
significantly decrease further degradation. Contrary, P 91 was less affected than
T 92 since tungsten is thermodynamically highly reactive and additionally reduces
the diffusion ability of chromium.
Although the mass loss of Esshete 1250 and TP 347 H was lower compared to
9-12%Cr-steels, a detrimental influence of Mn was observed, again due to its high
concentration in the solidified melt according to its acidic fluxing.
The degradation of Sanicro 28 was determined by the chemistry of the melt.
An outer chromia layer initially formed by ’Active Oxidation’ was highly soluble
and subsequently the melt was highly concentrated in chromium. Due to varying
gradients and activities in the melt, the basicity shifted from basic to a more acidic
value, and iron and nickel were preferably dissolved. By means of this selective
fluxing, local pitting occurred, where an alternating process of dissolution and spinel
formation in varying melt chemistries was present. Finally, after 336 hours the melt
on top of the surface contained mainly K-/Ni-sulfate.
The Ni-base alloy Inconel 625 showed a similar behaviour concerning the K-/Ni-
sulfate melt compared to Sanicro 28. However, due to the lack of pit-formation, a
selective and alternating fluxing did not take place. Nevertheless, both alloys showed
a superior corrosion resistance at present testing conditions.
For modified 9%Cr-alloys at 600 °C, the formation of protective oxide solid solutions
comprising mainly iron-/chromium-rich oxides of Ni, Al, and Si were essential for
the significantly reduced corrosion compared to T 92 since these oxide block or
hinder the ion diffusion across the oxide scale. However, the substantial corrosion
124 CHAPTER 6. SUMMARY
improvement of the modified 9%Cr-steels was markedly affected by both alloying
elements and their concentration.
The combination of Si and Al seemed to be more effective than Ni, Al, and Si
in varying melt chemistries by means of their acidic and basic fluxing behaviour.
The noble element nickel was considered to improve the degradation resistance in
most corrosive conditions by forming nickel oxides. However, at present conditions
its high solubility beneath an acidic melt was attributed to be relevant for a slightly
increased mass loss after 336 hours.
Binary iron aluminides exposed at 600 °C showed that a higher Al-content decreased
the degradation significantly. After 336 hours, the melt was still present and the
kinetics was transient. Therefore, the main corrosion mechanism was ’Hot Corrosion’
while ’Active Oxidation’ played a minor role. Close to the metal/scale interface, a
depletion of Al in the bulk material occurred due to the basic fluxing. The formation
of ZnAl2O4 seemed to have a beneficial effect to improve the corrosion resistance
beside meta-stable alumina and iron-rich aluminium oxide. In comparison to the
commercial materials, the mass loss of the Fe3Al alloy was similar to the austenitic
steel TP 347 H while the corrosion of the FeAl alloy was comparable to Inconel 625.
In biomass atmosphere conditions with an eutectic KCl-K2SO4 melt, the degradation
of materials was tested for 336 hours between 500 °C and 600 °C.
For commercial alloys, the observed mass loss increased considerably with
increasing temperature from 500 °C to 600 °C. At 500 °C and 550 °C, ’Active
Oxidation’ via HCl or KCl caused a more severe corrosion attack of low and high
Cr-steels with the exception of T 23 and T 92. Under these conditions, the chromium
increased the corrosion due to the high vapour pressure of its chloride. Since
local pitting occurred, the chlorides in the deposit formed low-temperature melting
eutectics, e.g. KCl-FeCl2, which might flux the oxide layer at certain areas.
At 600 °C, an interaction of both ’Active Oxidation’ and local ’Hot Corrosion’
occurred which was enhancing the corrosion rate by means of higher vapour pressures
of volatile metal chlorides and the locally established molten eutectics, whereas the
fluxing process caused higher reaction rates. Steels high in chromium were more
severely corroded than lower chromium steels due to the formation of non-protective
chromates on 9-12%Cr-steels, which formed an eutectic melt between chromates and
the salt deposit, leading to their higher degradation.
At 600 °C, T 92 was more susceptible to the initially ’Active Oxidation’ and the
following ’Hot Corrosion’ than T 23, resulting in a higher mass loss.
Alloys rich in Cr and Ni showed an improved corrosion resistance at all
tested exposure temperatures by means of the thermodynamical stability of the
fast growing Ni-oxide during ’Active Oxidation’, the prevention of a liquid phase
formation due to metal chlorides and the sufficiently high Cr-content to re-form a
protective chromia after chromate formation.
Modified 9%Cr-steels were exposed at 500 °C and 600 °C, where Fe-9Cr-5Al showed
the highest mass loss at both temperatures which was considerably increased at
600 °C. Its weight loss is comparable to low and high chromium commercial steels
at both elevated temperatures and identical testing conditions. While at 500 °C, the
Al-/Cr-content of Fe-9Cr-5Al was adequate to prevent a severe degradation, their
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concentration was insufficient at 600 °C due to increased thermodynamical activities
by means of chromia conversion into chromate and locally molten salt formation,
which enhanced the degradation via the fluxing process. Both the low Cr- and Al-
content were insufficient to form a protective chromia layer, to enable the external
alumina growth, and to provide a protective outer aluminium oxide.
At 500 °C, both Fe-9Cr-2.5Al-2.5Si and Fe-9Cr-5Ni-2.5Al-2.5Si exhibited a
similar mass loss, whereas at 600 °C, the weight loss of Fe-9Cr-2.5Al-2.5Si was
significantly increased. In fact, the formation of chromate was evidently shown for
both alloys. However, additions of Ni, Al, and Si were most effective to promote the
formation of a protective layer showing a better corrosion resistance than Sanicro 28
with higher Cr and Ni concentrations.
Also binary iron aluminides were exposed at 500 °C and 600 °C, where Fe-26Al
and Fe-40Al showed a significant improvement in corrosion resistance which is
comparable to the commercial steel Sanicro 28. ’Active Oxidation’ was the main
corrosion mechanism for the Fe-Al alloys so no salt melt was evidently detected. At
600 °C, a slightly decreased mass loss for all iron aluminides occurred compared to
500 °C due to the increased activity of Al, and therefore, a faster alumina formation
under these circumstances.
A second test in biomass atmosphere conditions was carried out beneath a
Na2SO4-K2SO4-CaSO4 deposit for 336 hours at 600 °C. For low alloyed commercial
Cr-steels, the corrosion was split into an initial stage where a conversion of the
pure sulfate deposit into an eutectic chloride-sulfate melt took place (∼ 30 hours)
followed by a propagation stage of ’Hot Corrosion’, which significantly increased the
corrosion rate in association with a severely enhanced mass gain, i.e. breakaway
corrosion.
On 9-12%Cr-steels, no fused salt was detected, thus, the Cr-content was sufficient
to form an inner protective chromium-rich layer.
High Cr- and Ni-containing alloys formed protective Ni-rich oxide solid solutions,
where particularly NiO due to its high Gibbs free energy of formation was
thermodynamically stable against ’Active Oxidation’.
In order to investigate the effect of carbon dioxide, the CO2 concentration was
doubled, i.e. 26 vol.-% CO2 in the gas atmosphere. The higher CO2-concentration
increased the corrosion of low Cr-steels except for T 23.
9-12%Cr-steels and high Cr-/Ni-containing alloys were not affected by an
enhanced carbon dioxide content in the atmosphere.
Since no fused salt occurred on modified 9%Cr-alloys at 600 °C, the degradation
was related to the ’Active Oxidation’.
On Fe-9Cr-5Al, a duplex scale growth was obtained, which was composed of an
external iron oxide, a sub-scale of mixed oxides and an internal oxidation zone (ioz).
Fe-9Cr-5Al was highly susceptible to the chlorine attack which resulted in an iron
depleted ioz and a thick external iron oxide layer by outwards diffusion of volatile
FeCl2. With time, a mixed oxide sub-scale was formed. Again, the concentration of
Cr/Al was insufficient to promote the formation of a protective oxide layer and to
avoid internal oxidation, hence, the degradation was still unsteady after 336 hours.
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Ni and Si were most beneficial to improve the corrosion resistance due to their
moderate thermodynamical stability, the selective oxidation and the facilitation of
protective oxide formation, and therefore, to suppress the internal oxidation zone.
Fe-9Cr-5Ni-2.5Al-2.5Si showed a better corrosion resistance than the high alloyed
commercial steel Sanicro 28.
Regarding the binary iron aluminides, a similar oxide scale for Fe-15Al was obtained
compared to Fe-9Cr-5Al. However, on Fe-15Al the sub-scale of mixed oxides and the
outer iron oxide layer were initially formed before an innermost internal oxidation
zone was established. Additional TEM investigations revealed that the internal
oxidation zone might comprise stable α-alumina, which is usually found at higher
temperatures than 600 °C. Since it is not doped with RE, the growth of (α-)Al2O3
is probably by outwards diffusion of Al3+ and inward diffusion of oxygen. In
comparison, the Fe-9Cr-5Al was more effective to resist against chlorination and
oxidation than Fe-15Al.
Fe-40Al indicated that the Al-reservoir was sufficient to form a protective
alumina scale against ’Active Oxidation’ and showed a better corrosion resistance
than Sanicro 28.
Chapter 7
Conclusions
The results of this high-temperature corrosion lab-scale study of heat exchanger
materials demonstrated that compared to commercial alloys, there are cost-effective
alloys such as 9%Cr-alloys modified with Ni, Al and Si, and binary iron aluminides
that mostly showed an improved corrosion resistance when exposed to conditions of
waste incineration and biomass combustion plants.
However, due to the lack of thermo-mechanical investigations, further research
will be required in order to meet the specifications for industrial applications.
Moreover, field tests in boilers are also essential and will provide interesting
conclusions that cannot be drawn under well-defined lab-scale tests.
Nevertheless, by means of their excellent high-temperature corrosion resistance,
both cost-effective materials might enter into application by spray coating or
cladding.
Despite the complexity of high-temperature corrosion and limitations of lab-scale
investigations regarding isothermal conditions and non-replaced deposits with time,
however, general and specific conclusions can be drawn from this study.
The increase of the exposure temperature was usually in accordance with an increase
of the metal loss of all tested alloys.
In general, for commercial alloys a higher quantity of Cr and Cr/Ni, respectively,
was linked to an improved corrosion resistance. Regarding the modified 9%Cr-
alloys, alloying composition of Ni, Al, and Si was associated with a significantly
reduced degradation. The improved corrosion resistance of binary iron aluminides
was considerably related to higher Al-contents (at least ≥ 26 at.-%).
In comparison, both modified 9%Cr-alloys and Fe-Al alloys showed commonly
a significantly improved corrosion resistance regarding commercial 9-12%Cr-steels.
The metal losses of both types were comparable to high alloyed materials as
Sanicro 28.
Regarding the kinetics, a high quality and quantity of corrosion resistance
improving elements was generally associated with a steady-state corrosion rate at
the end of the test duration.
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The presence of HCl/Cl2 in both test atmospheres accelerated and increased the
degradation, and selectively attacked specific metal elements. Also, pure sulfate
melts were transferred into a chloride-sulfate melt.
With a specific view, the complex interactions during the corrosion process require
a more detailed evaluation.
Beneath a pure chloride melt, a high manganese content (< 6 wt.-%) in high-alloyed
commercial steels led to a high mass loss due to a preferred reaction to manganese
chlorides.
For iron aluminides, a high solubility of chlorides and acidic/basic fluxing,
respectively, of iron and aluminium showed that an ideal Al-concentration was
about 26 at.-%. This corrosion behaviour was strongly dependent on the presence
of gaseous chlorine in the test atmosphere.
Furthermore, both modified 9%Cr-alloys and the Fe-Al intermetallics showed no
significantly improved corrosion resistance compared to the commercial 9%Cr-steel
T 92 under these conditions.
Beneath a pure sulfate deposit containing heavy metals, commercial steels with a
chromium content of 2.25% suffered a higher degradation than steels with a lower
Cr-content since chromium chlorides were thermodynamically favoured.
In addition, tungsten containing 2.25%Cr- and 9%Cr-steels were also strongly
affected by the change in oxide-ion activity and the diffusion abilities of both
tungsten and chromium. Both alloys showed opposed characteristics during the
predominant ’Active Oxidation’ associated with the Cr/W-fraction in the oxide
scale, and the presence of gaseous chlorine and SO2. This tungsten behaviour was
also effective beneath a pure chloride melt.
Varying gradients and activities in this melt caused an alternating process of
dissolution and precipitation by selective fluxing of nickel, chromium and iron, and
resulted in pitting on high Cr-/Ni-containing commercial steels.
When alloys were covered with a potassium chloride-sulfate deposit, commercial
steels with a higher chromium content (max. 12%) showed a higher degradation
than low Cr-steels due to a high chromium chloride activity and chromate formation,
which formed a low-melting deposit.
Moreover, both tungsten containing steels showed also a dependency of timing
of the predominant corrosion mechanism.
Iron aluminides showed a slightly decreased mass loss by increasing the
temperature due to an increased activity of Al and a faster alumina formation at
higher temperatures.
In a pure sulfate deposit without heavy metals, low commercial Cr-steels suffered
the highest corrosion due to the conversion into a highly aggressive chloride-sulfate
melt.
On Fe-15Al, an internal oxidation zone might comprise stable α-alumina, which
is normally found at higher temperatures than 600 °C.
Finally, it is obvious that the results of these investigations alone are not sufficient
to base a material selection on. The author likes to stress that materials must be
selected for the particular application and have to meet the specific requirements of
the operation conditions.
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Figure A.1: SEM cross-sections and EDX spectra (line-mapping) of Fe-26Al (left)
and Fe-40Al (right) beneath KCl-ZnCl2 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2
for 10 hours at 320 °C.
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Figure A.2: SEM cross-section (left) and EDX-spectrum (right) of Sanicro 28
beneath molten KCl-ZnCl2 in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours
at 320 °C. A high concentration of sulfur is found in the molten deposit.
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Figure A.3: SEM cross-sections of Sanicro 28 beneath (Na2-K2-Ca-Zn)SO4 in N2-
8%O2-15%H2O-0.2%HCl-0.02%SO2 at 600 °C and different exposure periods.
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Figure A.4: Logarithmical W/Cr-ratio of Fe-2.25%Cr-(1+3)W and Fe-9.00%Cr-
(1+3)W in N2-8%O2-15%H2O-0.2%HCl-0.02%SO2 for 336 hours at 600 °C.
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Figure A.5: Mass loss results of W-modified 2.25%Cr- and 9%Cr-steels beneath
KCl-K2SO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C. For
2.25%Cr-alloys, the mass loss decreases by increasing the W-content while the
degradation of Fe-9%Cr-alloys increases by increasing the tungsten fraction.
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Figure A.6: SEM micrographs of 10CrMo9-10 (left) and Sanicro 28 (right) beneath
KCl-K2SO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at 600 °C. The
salt mixture is partially in the molten phase.
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Figure A.7: SEM cross-sections of Fe-9Cr-5Al for 10 hours (left) and 30 hours (right)
beneath KCl-K2SO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl at 600 °C.
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Figure A.8: Time rate of mass change of Fe-15Al and Fe-9Cr-5Al beneath
Na2SO4-K2SO4-CaSO4 in N2-5%O2-22%H2O-13%CO2-0.02%HCl for 336 hours at
600 °C.
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Figure B.9: Superimposed phase diagram of the system Fe-O2-Cl2 and K-O2-Cl2 at
constant p(SO2) = 2·10
−04 bar and T = 320 °C. The chlorine and oxygen partial
pressures of the gas atmosphere are indicated by a star "∗". At the outer part of the
chloride melt sulfates will be formed. Close to the alloy/salt melt interface sulfides
are stable. Calculated with FactSage [15].
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Figure B.10: Superimposed phase diagram of the system Fe-O2-SO2 and Mn-O2-
SO2 at constant p(Cl2) = 3.21·10
−04 bar and T = 320 °C. The sulfur dioxide
and oxygen partial pressures of the gas atmosphere are indicated by a star "∗". At
this p(Cl2) Mn-oxides and hematite will be formed only in the outermost part of the
chloride melt, close to the salt melt/gas atmosphere interface. Close to the alloy/salt
melt interface chlorides and sulfides are stable. Calculated with FactSage [15].
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Figure B.11: Superimposed phase diagram of the system Cr-O2-Cl2 and K-O2-Cl2
at constant p(SO2) = 2·10
−04 bar and T = 320 °C. The chlorine and oxygen partial
pressures of the gas atmosphere are indicated by a star "∗". At the outer part of the
chloride melt sulfates will be formed. Close to the alloy/salt melt interface sulfides
are stable. Calculated with FactSage [15].
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Figure B.12: Phase diagram of the system Cr-K-Cl2-O2 at T = 320 °C with mole
fraction of K = 0.05. The equilibrium lines of KFeO2 (dashed line), KAlO2 (dash-
dotted line) and K2Si2O5 (dotted line) are denoted. The chlorine and oxygen
partial pressures of the gas atmosphere are indicated by a star "∗". Calculated
with FactSage [15].
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Figure B.13: Phase diagram of the system Fe-Zn-Cl2-O2 at T = 320 °C with mole
fractions of Zn = 0.05. The equilibrium lines of ZnCr2O4 (dashed line), ZnAl2O4
(dash-dotted line) and Zn2SiO4 (dotted line) are denoted. The chlorine and oxygen
partial pressures of the gas atmosphere are indicated by a star "∗". Calculated with
FactSage [15].
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Figure B.14: Phase diagram of the system Fe-Ni-Cl2-O2 at T = 320 °C with mole
fraction of Ni = 0.05. The equilibrium lines of NiAl2O4 (dash-dotted line) and
Ni2SiO4 (dotted line) are denoted. The chlorine and oxygen partial pressures of the
gas atmosphere are indicated by a star "∗". Calculated with FactSage [15].
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Figure B.15: Superimposed phase diagram of the system Fe-Al-Zn-O2-Cl2 at
T = 320 °C with mole fractions of Al = 0.40 and Zn = 0.05. The oxygen and chlorine
partial pressures of the gas atmosphere are indicated by a star "∗". Calculated with
FactSage [15].
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Figure B.16: Phase diagram of the system Fe-W-Zn-O2-Cl2 at constant p(SO2) =
2·10−04 bar and T = 600 °C with mole fractions of W = 0.03 and Zn = 0.05.
The oxygen and chlorine partial pressures of the gas atmosphere are indicated by a
star "∗". Calculated with FactSage [15].
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Figure B.17: Superimposed phase diagram of the system Fe-V-O2-Cl2 and Fe-W-
O2-Cl2 at constant p(SO2) = 2·10
−04 bar and T = 600 °C with mole fractions of
V = 0.03 and W = 0.05, respectively. The oxygen and chlorine partial pressures of
the gas atmosphere are indicated by a star "∗". At the outer part oxides/spinels will
be formed. Close to the alloy/oxide interface Fe-sulfides and V-chlorides/-oxides are
stable. Calculated with FactSage [15].
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Figure B.18: Phase diagram of the system Fe-Al-O2-Cl2 at constant p(SO2) =
2·10−04 bar and T = 600 °C with mole fraction of Al = 0.15. The oxygen
and chlorine partial pressures of the gas atmosphere are indicated by a star "∗".
Calculated with FactSage [15].
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Figure B.19: Phase diagram of the system Fe-Al-Zn-Cl2-O2 at T = 600 °C with mole
fractions of Al = 0.26 and Zn = 0.05. The oxygen and chlorine partial pressures of
the gas atmosphere are indicated by a star "∗". Calculated with FactSage [15].
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Figure B.20: Phase diagram of the system Cr-K-O2-Cl2 at constant
p(CO2) = 0.13 bar and T = 600 °C. The oxygen and chlorine partial pressures
of the gas atmosphere are indicated by a star "∗". Calculated with FactSage [15].
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Figure B.21: Superimposed phase diagram of the system Cr-O2-Cl2 and W-O2-
Cl2 at constant p(CO2) = 0.13 bar and T = 600 °C. The oxygen and chlorine
partial pressures of the gas atmosphere are indicated by a star "∗". Calculated with
FactSage [15].
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Figure B.22: Phase diagram of the system Cr-K-Cl2-O2 at constant
p(H2O) = 0.22 bar and T = 600 °C. The oxygen and chlorine partial pressures
of the gas atmosphere are indicated by a star "∗". Calculated with FactSage [15].
160 CHAPTER 7. APPENDIX
log p(Cl
2
) [bar]
lo
g
 p
(O
2
) 
[b
ar
]
C
r 2
O
3
(s
)+
K
2
C
rO
4
(s
)
F
e
C
l 2
(s
)+
C
rC
l 3
(s
)+
A
lC
l 3
(g
)
F
eC
l 2
(s
)
C
rC
l 2
(s
)
A
lC
l 3
(g
)
F
e
C
l 2
(s
)
C
rC
l 2
(s
)
A
l 2
O
3
(s
)
F
e
(s
)
C
rC
l 2
(s
)
A
l 2
O
3
(s
)
F
e
(s
)
C
r(
s)
A
l 2
O
3
(s
)
F
e
(s
)
C
r 2
O
3
(s
)
A
l 2
O
3
(s
)
Fe(s)+FeCr
2
O
4
(s)+Al
2
O
3
(s)
F
e(
s)
F
eC
r 2
O
4
(s
)
F
eA
l 2
O
4
(s
)
Fe
3
O
4
(s)+FeCr
2
O
4
(s)+FeAl
2
O
4
(s)
FeCl
2
(s)+FeCr
2
O
4
(s)+FeAl
2
O
4
(s)
Fe
2
O
3
(s)+FeCr
2
O
4
(s)+FeAl
2
O
4
(s)
Fe
2
O
3
(s)+FeCr
2
O
4
(s)+Al
2
O
3
(s)
F
eC
l2
(s
)+
C
r
2O
3(s
)+
A
l2
O
3(s
)
F
e 2
O
3
(s
)+
C
r 2
O
3
(s
)+
A
l 2
O
3
(s
)
F
eC
l2
(s
)+
C
rC
l3
(s
)+
A
l2
O
3(s
)
FeCl
2
(s)+FeCr
2
O
4
(s)+Al
2
O
3
(s)
F
eC
l 3
(g
)+
C
rC
l 3
(s
)+
A
l 2
O
3
(s
)
F
e
C
l 3
(g
)+
C
rC
l 3
(s
)+
A
lC
l 3
(g
)
F
e
C
l 3
(g
)
C
r 2
O
3
(s
)
A
l 2
O
3
(s
)
Figure B.23: Phase diagram of the system Fe-Cr-Al-Cl2-O2 with mole fraction of
Cr = 0.093 and Al = 0.099 at T = 600 °C. The oxygen and chlorine partial pressures
of the gas atmosphere are indicated by a star "∗". Calculated with FactSage [15].
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Figure B.24: Phase diagram of the system Fe-Al-Cl2-O2 at constant
p(SO2) = 10
−12 bar and T = 600 °C. The oxygen and chlorine partial pressures
of the gas atmosphere are indicated by a star "∗". Calculated with FactSage [15].
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Figure B.25: Phase diagram of the system Fe-Cr-O2-Cl2 at constant
p(SO2) = 10
−12 bar and T = 600 °C with mole fraction of Cr = 0.00-0.67. The
oxygen and chlorine partial pressures of the gas atmosphere are indicated by a
star "∗". Calculated with FactSage [15].
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Figure B.26: Phase diagram of the system Fe-Mn-O2-Cl2 at constant
p(SO2) = 10
−12 bar and T = 600 °C with mole fraction of Mn = 0.00-0.33. The
oxygen and chlorine partial pressures of the gas atmosphere are indicated by a
star "∗". Calculated with FactSage [15].
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Figure B.27: Superimposed phase diagram of the system Fe-Cr-Mn-Mo-O2-Cl2 at
T = 600 °C. The oxygen and chlorine partial pressures of the gas atmosphere are
indicated by a star "∗". Calculated with FactSage [15].
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Figure B.28: Superimposed phase diagram of the system Cr-W-Mn-Mo-O2-C at
aMe = 1 and T = 600 °C.
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Figure B.29: Phase diagram of the system Fe-Al-Cl2-O2 at T = 600 °C with
mole fraction of Al = 0.15. The oxygen and chlorine partial pressures of the gas
atmosphere are indicated by a star "∗". Calculated with FactSage [15].
„Untersuchungen zur Hochtemperaturkorrosion von kommerziellen Werkstoffen und
Modelllegierungen unter simulierten Müll- und Biomasse-Verbrennungsbedingungen“
Markus Schmitt
Kurzfassung
Die Motivation dieser Arbeit war es, kostengünstige und gleichzeitig korrosions-
beständige Legierungen als Alternativen zu kommerziellen Werkstoffen zu finden,
die den Anforderungen in Müllverbrennungs- und Biomassekraftanlagen genügen.
Als kommerzielle Werkstoffe wurden niedrig- und hochlegierte Stähle sowie
eine Nickelbasislegierung untersucht. Die Modelllegierungen waren mit Nickel,
Aluminium und Silizium modifizierte 9%Cr-Legierungen und binäre Eisen-
Aluminium-Werkstoffe mit max. 40 at.% Al.
In den Auslagerungsexperimenten wurden die Werkstoffe mit synthetischen
Ablagerungen aus Chloriden und Sulfaten belegt und in N2-8%O2-15%H2O-
0.2%HCl-0.02%SO2- bzw. N2-5%O2-22%H2O-13%CO2-0.02%HCl-Atmosphären in
einem Temperaturbereich von 320 °C bis 600 °C korrodiert.
Das Korrosionsverhalten wurde durch Untersuchungen des Materialverlusts,
des kinetischen Verhaltens und des Aufbaus des Korrosionsprodukts bestimmt.
Die Korrosion wurde bezüglich des Einflusses der Legierungselemente sowie der
thermodynamisch treibenden Kraft hinsichtlich Aktivitäten und Gradienten in den
Korrosionsmechanismen diskutiert.
Die beiden wesentlichen Hochtemperaturkorrosionsmechanismen waren die chlor-
katalysierte Aktive Oxidation und die in Gegenwart von Salzschmelzen auftretende
Heißgaskorrosion, d.h. saure und basische Aufschlussreaktionen.
Unter diesen Bedingungen zeigten kommerzielle Werkstoffe mit hohem Chrom-
bzw. Cr/Ni-Gehalt vorwiegend einen sehr geringen Materialverlust. Im Vergleich
zu kommerziellen 9%Cr-Stählen wiesen modifizierte 9%Cr-Werkstoffe mit Zusätzen
von 5 gew.-% Nickel und jeweils 2,5 gew.-% Al und Si einen meist verbesserten
Korrosionswiderstand auf. Auch ein hoher Aluminiumanteil von mind. 26 at.-% in
Fe-Al-Werkstoffen erhöhte die Korrosionsbeständigkeit erheblich.
Von Seiten der Hochtemperaturkorrosion unter Müll- bzw. Biomasseverbren-
nungs-Atmosphären und -Salzablagerungen konnte gezeigt werden, dass die Modell-
legierungen bezüglich ihrer Korrosionsbeständigkeit unter den meisten experimentel-
len Bedingungen eine wirtschaftliche Alternative zu korrosionsbeständigen
hochlegierten austenitischen Stählen und Nickelbasislegierungen darstellen können.
“Investigations on high-temperature corrosion of commercial materials and model
alloys in simulated waste and biomass combustion environments”
Markus Schmitt
Abstract
The motivation of this work was to find cost-effective and corrosion resistant alloys
as alternatives to commercial materials, which meet the requirements in waste
incineration and biomass combustion power plants. As commercial materials low-
and high-alloyed steels and a Nickel-based alloy were investigated. The model alloys
were 9%Cr-alloys modified with nickel, aluminium and silicon, and binary iron-
aluminides with max. 40 at.% Al.
In the exposure experiments, the materials were covered with synthetic
deposits of chlorides and sulfates and corroded in N2-8%O2-15%H2O-0.2%HCl-
0.02%SO2- and N2-5%O2-22%H2O-13%CO2-0.02%HCl-atmospheres, respectively,
in a temperature range of 320 °C to 600 °C.
The corrosion behaviour of the materials was determined concerning their mass
loss, kinetics, and scale analysis. The degradation was discussed regarding the
influence of the alloy composition, and the thermodynamic driving force in terms of
activities and gradients in the governing corrosion mechanisms.
The two main high-temperature corrosion mechanisms were the chlorine-
catalysed ’Active Oxidation’ and in the presence of molten salt the ’Hot Corrosion’,
i.e. acidic and basic fluxing.
Under these conditions, the commercial materials with a high chromium or
Cr/Ni-content showed most of the time a very low material loss. In comparison
with commercial 9%Cr-steels, modified 9%Cr-alloys with additions of 5 wt.-% Ni,
2.5 wt.% Al and 2.5 wt.% Si, respectively, showed a predominantly improved
corrosion resistance. Also, Fe-Al materials with an aluminium content of at least
26 at.-% showed a considerably increased corrosion resistance.
With regard to high-temperature corrosion in waste incineration and biomass
combustion atmospheres, respectively, and salt deposits it was demonstrated that
under most experimental conditions the model alloys have shown an economical
alternative to high-alloyed austenitic steels and nickel-based alloys with respect to
their corrosion resistance.
